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1.0 SUMMARY 
T h e  a b i l i t y  t o  q u a n t i f y  t h e  e f f ec t s  of' p y r o t e c h n i c  s h o c k  t h r o u g h  

measurement and a n a l y s i s  is of cons iderable  i m p o r t a n c e .  P y r o t e c h n i c s  are 
u s e d  i n  many d e v i c e s  on  s p a c e c r a f t .  The o u t p u t  of the p y r o t e c h n i c s  is 
s e v e r e  and i t  is Clear t h a t  Components mounted n e a r  a p y r o t e c h n i c  may be  
s e v e r e l y  damaged. One example  of a failure due t o  a shock e x c i t a t i o n  was 
the  l o s s  of two s o l i d  rocke t  boos te rs  because a water impact s w i t c h ,  u s e d  
t o  s e p a r a t e  t h e  parachutes  from t h e  boosters, func t ioned  prematurely from a 
shock wave from the  frustum sepa ra t ion  assembly. Thus an ongoing, t h o r o u g h  
e f fo r t  is needed  t o  e v a l u a t e  a wide r a n g e  of p y r o t e c h n i c s  and t o  assure 
t h a t  t h e y  w i l l  ope ra t e  p rope r ly  with no damage t o  o t h e r  components. 

The p r e s e n t  r e p o r t  summar izes  t h e  r e s u l t s  of c a r e f u l  tes ts  a n d  
a n a l y s i s  of t h e  e f f e c t s  of p y r o t e c h n i c  b o l t s ,  n u t s ,  p i n - p u l l e r s ,  and  
s e p a r a t i o n  j o i n t s .  The material for p i n - p u l l e r s  and s e p a r a t i o n  j o i n t s  i s  
b e i n g  p r e s e n t e d  f o r  t h e  f i r s t  t ime. The d e v i c e s  were o p e r a t e d  o n  
a p p r o p r i a t e  Hopkinson bars which a r e  capable of m e a s u r i n g  o u t p u t  s t r a i n s  
and  a c c e l e r a t i o n s .  From the  s t r a i n s ,  t he  ou tpu t  forces and manents ve r sus  
time are c a l c u l a t e d ,  which show i n  a timewise f a s h i o n  how t h e  l o a d s  are 
d e v e l o p e d  by t h e  p y r o t e c h n i c s  and a l s o  provide i n p u t s  for dynamic stress 
p r e d i c t i o n s  u s i n g  compute r  models of v a r i o u s  components  w h i c h  may be 
damaged.  Shock s p e c t r a  a r e  a l s o  p r e s e n t e d ,  by which t h e  f r e q u e n c y  
components of t h e  e x c i t a t i o n s  are quan t i f i ed .  A c c e l e r a t i o n  r e s p o n s e  s h o c k  
s p e c t r a  u p  t o  40 kHz are  g e n e r a t e d  from b o t h  i n p u t  a c c e l e r a t i o n s  and  
f o r c e s  . 

T h e  a n a l y t i c a l  bas i s  of t he  Hopkinson  bar is t h o r o u g h l y  r e v i e w e d  
i n c l u d i n g  both t h e  elementary and more advanced Love t h e o r i e s  i n  t h e  theses  
by Evans [ 3 l ]  and Parker [le]. They inc lude  d i s c u s s i o n  of both the  normal 
mode, o r  s t a n d i n g  wave, method and the t r a v e l l i n g  wave method of p r e d i c t i n g  
r e s p o n s e  of the  t h i n  bar, wi th  seve ra l  examples. S ince  Spherical impactors 
were used t o  calibrate t h e  Hopkinson bars ,  t h e  Hertz t h e o r y  o f  impact of 
two e l a s t i c  spheres  is given. Then the s t r a i n  and a c c e l e r a t i o n  measurement 
s y s t e m s  are d i scussed ,  w i th  their requirements and frequency l i m i t a t i o n s .  

Typical o u t p u t s  are shown for p y r o t e c h n i c  bo1 ts and  n u t s  , which had 

b e e n  d i s c u s s e d  i n  d e t a i l  i n  p r e v i o u s ,  r e f e r e n c e d  reports. New measured 
f o r c e ,  moment, and a c c e l e r a t i o n  versus time c u r v e s  are  p r e s e n t e d  for f i v e  
c a n d i d a t e  p in-pul le rs  f o r  t he  HALOE satell i te.  The a s s o c i a t e d  a c c e l e r a t i o n  
shock spectra from f o r c e  and a c c e l e r a t i o n  e x c i t a t i o n s  show which p i n - p u l l e r  
w i l l  p roduce  t h e  l ea s t  e x c i t a t i o n  t o  nearby components. This  is compared, 
for t h e  f irst  time, with similar r e s u l t s  o b t a i n e d  f rom measuremen t s  made 
when t h e  same p i n - p u l l e r s  were a c t i v a t e d  on t h e  HALOE s t r u c t u r e .  Similar 
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data is given from measurements  of S p a c e c r a f t  s e p a r a t i o n  j o i n t s  u s i n g  a 
Hopkinson bar monitor ing system. 

F i n i t e  e l e m e n t  models were made of the  Hopkinson bar system i n  order 
to  attempt to  p red ic t  t h e  effects of endcaps and  adaptors  u s e d  o n  t h e  bar 
dur ing  the tests. 
( 1 )  

(2) 
( 3 )  to  determine t h e  frequency content  by determining t h e  number of modes 

(4) t o  determine t h e  f i n e n e s s  of t h e  finite element mesh needed t o  p r e d i c t  

This  a n a l y s i s  had four goals: 
t o  predict  the effect  of the adaptors on t h e  p u l s e  shape,  
t o  attempt t o  deduce the  t r u e  output  of t h e  pyro technic  d e v i c e ,  

needed t o  r e p r e s e n t  the  response ,  and 

the  response  t o  these inpu t s .  
2.0 INTRODUCTION 
2.1 Background 

Many m e c h a n i c a l  o p e r a t i o n s  o n  s p a c e c r a f t  a r e  carr ied o u t  by remote 
c o n t r o l  u s i n g  pyrotechnics .  The pyrotechnic  d e v i  ces i n c l u d e  p i n - p u l l e r s  , 
e x p l o s i v e  b o l t s ,  a n d  s e p a r a t i o n  j o i n t s .  The s u c c e s s f u l  o p e r a t i o n  OP each 
device  is cr i t ical  t o  t h e  success  of t h e  m i s s i o n .  I f  t h e  j o i n t  be tween a 
s a t e l l i t e  a n d  t h e  l a u n c h  v e h i c l e  d i d  n o t  completely separa te  d u r i n g  
launching  of the satel l i te ,  s e v e r e  damage would r e s u l t  and j eopa rd ize  bo th  
the  launch v e h i c l e  and the satel l i te .  

The shock  waves from p y r o t e c h n i c s  a l s o  have t h e  p o t e n t i a l  to  damage 
e l e c t r o n i c  or other  low-mass equipment  o r  t o  a c t i v a t e  m o t i o n - s e n s i  t i v e  
e q u i p m e n t .  For example ,  a p y r o t e c h n i c  c a u s e d  a space s h u t t l e  r o c k e t  
booster f a i l u r e .  The parachute  re lease system f o r  t h e  booster  p a r a c h u t e  
s y s t e m  was p r e m a t u r e l y  a c t i v a t e d  by a p y r o t e c h n i c  shock wave Prom a 
non-separat ion system, rather than  on water impact. 

Thus, a n  ongoing, thorough e f for t  is needed  t o  e v a l u a t e  a w i d e  r a n g e  
of p y r o t e c h n i c s  and  t o  a s s u r e . t h a t  t h e y  w i l l  o p e r a t e  p r o p e r l y  w i t h  n o  
damage t o  other components. Many proof tests are done  o n  t h e  g round  t o  
e v a l u a t e  t h e  e f f ec t s  of pyrotechnics .  Usual ly  accelerations are measured. 
However, t he  strains should  also be  measured a t  v a r i o u s  l o c a t i o n s  o n  t h e  
s t r u c t u r e ,  s i n c e  s t r a i n s  are more d i r ec t ly  related t o  material behavior and 
deformations.  I n  a d d i t i o n ,  fo r  elastic m a t e r i a l ,  s t r a i n s  c a n  be c o n v e r t e d  
t o  stresses from which dynamic forces and  moments c a n  be deduced. For 
example, force versus  time data show d i r e c t l y  t h e  sequence of e v e n t s  from a 
p y r o t e c h n i c  p in-pul le r - f i r s t  there is a resultant compressive force on the  
s u p p o r t ,  f o l l o w e d  by a s e v e r e  t e n s i l e  f o r c e  or v i c e - v e r s a .  T h i s  
i n f o r m a t i o n  c a n  be u s e d  by the  p i n - p u l l e r  d e s i g n e r  t o  attempt t o  design 
low-shock p i n - p u l l e r s .  I t  c a n  also be u s e d  by s t r u c t u r a l  a n a l y s t s  t o  
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p r e d i c t  t h e  effect of t h e  p y r o t e c h n i c  shock on a d j o i n i n g  s t r u c t u r a l  and 
e l e c t r o n i c  components. 

I n  a d d i t i o n  t o  proof tests,  it has been found tha t  Hopkinson Bars can 
be  u s e d  t o  measu re  t h e  fo rce  and a c c e l e r a t i o n  o u t p u t s  of p y r o t e c h n i c  
d e v i c e s  i n  a c e r t a i n  d i r e c t i o n .  The pyro technic  d e v i c e  is mounted on t h e  

end of a l o n g ,  t h i n  Steel bar which is d e s i g n e d  t o  r e m a i n  e l a s t i c  d u r i n g  
t h e  measurement .  S t r a i n  gauges  are mounted near  t h e  i n p u t  end of t h e  bar 
and accelerometers are attached a t  t h e  o u t p u t  end. 

Carefu l  Hopkinson Bar tests were made a t  t h e  P y r o t e c h n i c s  L a b o r a t o r y  
of  t h e  P e n n s y l v a n i a  S t a t e  U n i v e r s i t y  i n  1971 [Ref. 11 for pr imal ine  i n  a 
simiilated s e p a r a t i o n  j o i n t  and f o r  e x p l o s i v e  b o l t s .  I n  1973,  a similar 
f a c i l i t y  was c o n s t r u c t e d  a t  t h e  N A S A  Langley Pyrotechnics  Laboratory for  
t h e  e v a l u a t i o n  of s e v e r a l  candidate  e x p l o s i v e  n u t s  and t h e n  some low-shock 
p y r o t e c h n i c  nuts .  Recently,  t h e  o u t p u t s  of s e v e r a l  pyro technic  p i n - p u l l e r s  
were compared wi th  t h e  output  of a mechanical p i n - p u l l e r  a t  N A S A  L a n g l e y .  
These p i n - p u l l e r s  were t h e n  mounted on a mock-up of the HALOE s t r u c t u r e  and 
s t r a i n s  and a c c e l e r a t i o n s  compared w i t h  those  measured  o n  t h e  Hopkinson  
Bars. The o u t p u t  of a s e c t i o n  of spacecraf t  s e p a r a t i o n  j o i n t  was also 
measured on t h e  Hopkinson Bar. 

I n  o r d e r  t o  better u n d e r s t a n d  t h e  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d ,  
theoretical f i n i t e  element models were made and a n a l y z e d  for t h e  v a r i o u s  
e x p e r i m e n t a l  a r r a n g e m e n t s  on t h e  Hopkinson Bars. The goa ls  of t h i s  

a n a l y s i s  were: ( 1 )  t o  p r e d i c t  t h e  e f f e c t  of t h e  adaptors  o n  t h e  p u l s e  
s h a p e ,  ( 2 )  t o  attempt t o  deduce the  t r u e  output  of the  pyro technic  d e v i c e ,  
(3)  t o  determine t h e  frequency content by d e t e r m i n i n g  t h e  number of modes 
needed  t o  r e p r e s e n t  t h e  response,  and (4) t o  determine t h e  f i n e n e s s  of the  
f i n i t e  element mesh needed t o  predict  t h e  response t o  these inputs .  

Also, t h e  Hopkinson Bar Theory and e x a c t  s o l u t i o n  were used t o  p r e d i c t  
r e s u l t s  t o  b e  compared t o  t h e  e x p e r i m e n t a l  and f i n i t e  e l e m e n t  model 
results. 

The p u r p o s e  of t h i s  paper is t o  summarize many of the  test r e s u l t s  and 
t o  i n d i c a t e  t h e  s ta te-of- the-ar t  i n  m e a s u r e m e n t ,  da t a  a n a l y s i s  a n d  
p r e d i c t i o n  of pyrotechnic  shock on spacecraft. 

2.2 Related Work 
The  term s h o c k  is u s u a l l y  a p p l i e d  t o  a t r a n s i e n t ,  p o t e n t i a l l y  

damaging, e x t e r n a l  fo rce  or ground m o t i o n .  E a r t h q u a k e s  f a l l  i n t o  t h i s  
c a t e g o r y  a n d ,  e v e n  t h o u g h  t h e y  produce peaks of only  one or two g 's ,  have 
been of concern s i n c e  t h e  beginning of man's h i s t o r y .  It was r e c o g n i z e d  
e a r l y  t h a t  n o t  o n l y  t h e  magni tude  b u t  t h e  frequency c o n t e n t  and d u r a t i o n  
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of the  e x c i t a t i o n  was important .  The important f r e q u e n c y  r a n g e  is u s u a l l y  
between 0.1 and 10 Hz. 

The c o n t e n t  of r e p e a t i n g  s i g n a l s  may be i d e n t i f i e d  by expanding t h e  
s i g n a l  i n  a F o u r i e r  Se r i e s  c21. F o r  t r a n s i e n t  s i g n a l s ,  t h e  F o u r i e r  
T rans fo rm p r o v i d e s  a b r i d g e  between the time and frequency domain i n  t h e  
form of t h e  F o u r i e r  S p e c t r u m ,  which 18 u s u a l l y  p r e s e n t e d  i n  terms of 
a m p l i t u d e  and phase v e r s u s  f r e q u e n c y .  However, it was shown by Bfot [3] 
and White C4l tha t  t h e  shock spec t run  could b e  d i r e c t l y  u s e d  i n  t h e  modal 
a n a l y s i s  o f  s t r u c t u r e s  u n d e r  ground motion e x c i t a t i o n  and t h a t  the shock 
spectrum could be e a s i l y  measured  i n  t h e  f i e l d  d u r i n g  e a r t h q u a k e s .  The 
shock s p e c t r u m  is a p l o t  of t h e  maximum response  of a mass-spring-dashpot 
osci l la tor  v e r s u s  its n a t u r a l  frequency. The r e s p o n s e  may be a b s o l u t e  or 
r e l a t i v e  d i s p l a c e m e n t ,  v e l o c i t y ,  or a c c e l e r a t i o n  of t h e  mass. By 
i n s t a l l i n g  a g r o u p  of s u c h  osc i l la tors ,  each w i t h  a s l i g h t l y  d i f f e r e n t  
n a t u r a l  f requency ,  the  shock spectrum can be d i r e c t l y  p lo t t ed  by n o t i n g  the  
maximum response  which occurred d u r i n g  t h e  e v e n t  b e i n g  m o n i t o r e d .  P h a s e  
i n f o r m a t i o n  u s u a l l y  was l o s t  d u r i n g  these tests. O ' H a r a  C51 is credited 
with showing the r e l a t i o n s h i p  between t h e  undamped shock s p e c t r u m  and t h e  
F o u r i e r  spectrum. 

D u r i n g  t h e  1940's a n d  S O ' S ,  t h e  Navy d e v e l o p e d  des ign  cr i ter ia  for  
p r e d i c t i n g  t h e  response of s h i p  s t r u c t u r e 8  t o  underwater e x p l o s i o n s  t h r o u g h  
a comprehens ive  t e s t  and  a n a l y s i s  program. A t  t h e  same time, there were 
s i g n i f i c a n t  a d v a n c e s  i n  t h e  a b i l i t y  t o  c o m p u t e  t h e  e l a s t i c ,  d y n a m i c  
r e s p o n s e  of s t r u c t u r e s  i n  three dimensions, an e a r l y  example be ing  t h a t  of 
Neubert and Ezell i n  1958 C61. T h i s  c a p a b i l i t y  was complemented by t h e  
s p e c i f i c a t i o n  of a d e s i g n  shock spectrum, through Belsheim and O'Hara C71, 
s u i t a b l e  f o r  three-dimensional a n a l y s i s  of s h i p  s t r u c t u r e s .  It was p o i n t e d  
o u t  t h a t  t h e  d i p s  i n  shock  spectra a r e  l i k e l y  t o  be c a u s e d  by feedback 
between a n  i n t e r n a l  component and t h e  s h i p ' s  h u l l ,  which s h o u l d  b e  t a k e n  
i n t o  a c c o u n t  in s p e c i f y i n g  s p e c t r a  based o n  measured  m o t i o n s .  The 
f r e q u e n c y  r a n g e  i n v o l v e d  in t h i s  w o r k  was u s u a l l y  less t h a n  1000 Hz. 

T h e r e  were also s i g n i f i c a n t  related developments by the  groups involved 
i n  d e s i g n i n g  hardened missile sites. The ASME proceedings ed i ted  by B a r t o n  
C81 has examples  of modal a n a l y s i s  by Young C91 and work by Young, Barton, 
and Fung [lo], who considered a p p l i c a t i o n s  of shock spectra  t o  n o n l i n e a r  
s y s  t ems. 

For  p y r o t e c h n i c . s h o c k ,  t h e  frequency range of i n t e r e s t  may be zero t o  
100 kHz  a n d  t h e  s e v e r i t y  may b e  as h i g h  as 300,000 g ' s ,  b o t h  of wh ich  
p r e s e n t  d i f  f i c u l  ti es no t  encountered i n  the i n v e s t i g a t i o n s  d iscussed  above 
w i t h  regard t o  measurement  and p r e d i c t i o n  of e f f e c t s  o n  s t r u c t u r e s .  
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Hopkinson p res su re  bars have  been u s e d  t o  m e a s u r e  s e v e r e  t r a n s i e n t s  f o r  
most of t h i s  c e n t u r y  and  some o f  t h e  h i s t o r y ,  t h e o r y  and l i m i t a t i o n s  are 
d iscussed  i n  Sec t ion  3.1. Neubert [ l l ]  used a Hopkinson bar as a n  i m p a c t o r  
a g a i n s t  beams h a v i n g  v a r i o u s  end c o n d i t i o n s ,  measuring t h e  a p p l i e d  f o r c e s  
w i t h  s t r a i n  gauges attached t o  the bar .  He p r e d i c t e d  t h e  r e s p o n s e  o f  t h e  
beams t o  t h i s  m e c h a n i c a l  e x c i t a t i o n  u s i n g  Bernoulli-Euler and Tfmoshenko 
uniform beam theory  as well as lumped-parameter r e p r e s e n t a t i o n s .  He a l s o  
p r e s e n t e d  a comprehens ive  suinmary o f  t h e  l i t e r a t u r e  up  t o  1958, f o r  both 
t he  Hopkinson bar and dynamic r e s p o n s e  of  beams. Parker E121 and  Parker  
and Neuber t  c131, [ lS],  updated t h i s  h i s t o r y  and used t h e  Love bar equa t ion  
and t h e  Timoshenko beam equa t ion  to p red ic t  r e s p o n s e  o f  bars  and  beams t o  
pyrotechni c e x c i t a t i o n .  

R e c e n t l y  Smith [151 summarized some o f  the  work be ing  done related t o  
p y r o t e c h n i c  s h o c k  and i n c l u d e s  some r e f e r e n c e s .  He p o i n t e d  o u t  t h e  
i m p o r t a n c e  of developing high frequency spectra, t o  100 kHz, and emphasized 
the  related d i f f i c u l t i e s  i n  producing dependable a c c e l e r a t i o n  measurements. 

Results of a s i g n i f i c a n t ,  carefu l  effort were reported by Powers  C163, 
who performed a s e r i e s  o f  des ign  o p t i m i z a t i o n  tes ts  on  s u b s c a l e  and  
f u l l - s c a l e  v e h i c l e  i n t e r s t a g e  s e p a r a t i o n  s y s t e m s ,  f i n d i n g  s h o c k  r e s p o n s e  
spectra  t o  100 kHz, although useful data can on ly  be extracted up t o  about  
80 kHz. He measured s t r a i n s  a t  l o c a t i o n s  v e r y  c l o s e  t o  t h e  h i g h - e n e r g y  
s e p a r a t i o n  j o i n t s .  Many o t h e r  i n v e s t i g a t o r s  have  measured re sponse  and 
processed data on ly  up t o  10  or 20 k H z ,  a l t h o u g h  t h e r e  is a n  i n c r e a s i n g  
a w a r e n e s s  t h a t  s u c h  r e s u l t s  a r e  i n s u f f i c i e n t  t o  a c c u r a t e l y  r e p r e s e n t  
pyro technic  shock effects on components and structures. 

3. INSTRUMENTATION 
The p u r p o s e  o f  t h i s  s e c t i o n  is t o  r e v i e w  p e r t i n e n t  t h e o r y  a n d  

l i m i t a t i o n s  of t h e  i n s t r u m e n t a t i o n  u s e d .  T h i s  c o n s i s t e d  m a i n l y  o f  
Hopkinson  p r e s s u r e  bars i n  v a r i o u s  a r r a n g e m e n t s ,  a l o n g  w i t h  a p p r o p r i a t e  
s t r a i n  gauge and accelerometer ins t rumenta t ion .  To calibrate t h e  s y s t e m ,  a 
h a r d e n e d  s t e e l  sphere  was used on a ba l l i s t i c  pendulum, so t h e  Hertz theo ry  
f o r  impact of elastic spheres fa  b r i e f l y  o u t l i n e d  he re in .  

A thorough i n t r o d u c t i o n  t o  the one-dimensional t heo ry  of t h e  Hopkinson  
bar and  t h e  a p p r o x i m a t e  two-dimensional theory  of Love E171 are summarized 
i n  the  theses by Evans [31 ]  and P a r k e r  [12] and  t h e  paper by Parker  and  
Neubert [131. 

r -  
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3.1 Measurement of Forces and Accelerat ions 
us ing  the Hopkinson Pressure Bar 

The  i d e a  of m e a s u r i n g  h i g h ,  t r a n s i e n t  p r e s s u r e s  was p r e s e n t e d  by 
Hopkinson [ la]  in 1914, and c o n s i s t e d  of a p p l y i n g  t h e  unknown p r e s s u r e  t o  
o n e  end  of a l o n g ,  t h i n ,  s t e e l  c y l i n d r i c a l  bar .  The m a g n i t u d e  o f  t h e  

app l i ed  p r e s s u r e  was deduced  from measurement of momentum of detachable  
e n d - p i e c e s  a t  t h e  other  end of the  bar. I n  1946, Davies [19] improved the  
method by measuring electrically t h e  v a r i a t i o n  of e i the r  t h e  l o n g i t u d i  n a l  
d i s p l a c e m e n t  a t  t h e  measuring end o f  t h e  bar or t h e  radial  displacement of 
the  c y l i n d r i c a l  s u r f a c e  of the  bar. Davies concluded t h a t  i f  t h e  p r e s s u r e  
e n d  of  a 1 / 2  i n c h  diameter bar is subjected t o  a force which c h a n g e s  
i n s t a n t a n e o u s l y  from zero t o  a f i n i t e  v a l u e ,  t h e  p r e s s u r e  i n  t h e  b a r  

r e q u i r e s  a f i n i t e  time of about 2 p sec to  rise t o  the value.  
I n  t h e  i n v e s t i g a t i o n s  repor ted  h e r e i n ,  s t r a i n  g a u g e s  were u s e d  t o  

measure  a x i a l  s t r a i n  i n  t he  bar and a n  accelerometer was used a t  the  o u t p u t  
end of the bar to  measure a x i a l  acce le ra t ion .  

If t h e  diameter d of the  bar is much less t h a n  t h e  ha l f -wave  l e n g t h  X 

of t h e  h i g h e s t  f r e q u e n c y  component of t h e  e x c i t a t i o n ,  t h e n  t h e  bar i s  
called t h i n  and one-dimensional stress wave theory  can be used. The border  
l i n e  be tween t h i n  bars and t h i c k  bars occurs approximately a t  X/d = 5 so a 
small diameter is needed  f o r  t h e  bar t o  be t h i n .  If Aid < 5 ,  r a d i a l  
i n e r t i a  e f f e c t s  c a n  be a c c o u n t e d  for u s i n g  t h e  Love [17] e q u a t i o n ,  which 
c a n  b e  s o l v e d  ea s i ly .  The e x a c t  d i f f e r e n t i a l  e q u a t i o n s  f o r  a t h i c k ,  
c y l i n d r i c a l  bar ,  which were p r e s e n t e d  by Pochhammer c201 and Chree c211, 
have n o t  been s o l v e d  e x a c t l y .  

If t h e  bar is t h i n ,  then  p lane  s e c t i o n s  remain plane after deformation 
and t h e  a x i a l  stress is uniform o v e r  a c r o s s - s e c t i o n .  The  s a t e r i a l  inust  
r e m a i n  e las t ic  if the s imple  theory is to a p p l y ,  so the a x i a l  Stress 0 must 
be less t h a n  the  dynamic y i e l d  stress of t h e  bar material. S i n c e  stress is 
force  F d i v i d e d  by c r o s s - s e c t i o n a l  a r e a  A ,  t h e n  it is desirable t o  have t h e  
diameter d s u f f i c i e n t l y  l a r g e  t o  keep the stress i n  t he  e las t ic  range.  

3.2 Hertz Theory of Impact for Two Elastic Spheres 
The theory of t h e  e las t ic  impact between two spheres is p r e s e n t e d  i n  

t h e  book b y  Timoshenko and  Goodier c221. It is assumed t h a t  t h e  spheres 
have o n l y  a t r a n s l a t i o n a l  v e l o c i t y  and t h e  i n i t i a l  v e l o c i t y  v e c t o r s  l i e  o n  
t h e  same l i n e ,  so t h e  i m p a c t  is c e n t r a l .  The d i s t a n c e  between the sphere 
c e n t e r s  d u r i n g  c o n t a c t  is: 

rl + r2 - a1 - a2 - d 
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where ri is t h e  r a d i u s  of t h e  i t h  
c e n t e r  due  t o  t h e  d e f o r m a t i o n  of 
v e l o c i t y  between t h e  two spheres is 

. 
v = a =  

or 
where v i  is t h e  v e l o c i t y  of t he  i t h  

s p h e r e  and a i  is t h e  movement of t h e  
the  surface of the  sphere .  The r e l a t i v e  
def ined  as 

A1 + 41 * -2 
v = v ,  + v, 

sphere. 
During c o n t a c t ,  t he  c o n t a c t  fo rce  P is related t o  t h e  a c c e l e r a t i o n  of 

each sphere by 

dv2 
m2 - = -P 

dVl 
m l  - - -P 

d t  d t  

Here m i  is t h e  mass of t h e  s p h e r e .  Using the  above r e l a t i o n s h i p s  t o  
combine these equat ions ,  we have 

m l  + m2 d2a - = -p 

d t 2  m l  m2 

From the  Her tz  theory for elastic c o n t a c t ,  we use  
P = n a105 

which  assumes t h a t  there are no e las t ic  v i b r a t i o n s  of the sphere dur ing  the  
impact. T h i s  is based on the assumpt ion ,  d u e  t o  Rayle igh  L231, t h a t  t h e  
time of c o n t a c t  .is v e r y  l o n g  compared t o  t h e  period of the  lowest  mode of 
v i b r a t i o n  of spheres .  T h e  v a l u e  of n is d e t e r m i n e d  by t h e  e l a s t i c  and 
geometr ic  properties of the  spheres. 

v i  t h  k i  = 
= =i 

where v and E are  r e s p e c t i v e l y  Poisson's r a t i o  and Young's modulus for t h e  
material. 
Further,  der i n i  ng 

we can write 
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I n t e g r a t i n g  t h e  l a s t  equa t ion  and s u b s t i t u t i n g  t h e  i n i t i a l  c o n d i t i o n  
t h a t  t h e  r e l a t i v e  v e l o c i t y  v = vo j u s t  beiore impact, we get 

i 2  - v02 - - 4 n n1 a2.5 
5 

If we s u b s t i t u t e  
the  result is 

= 0 i n t o  t h e  equation t o  f i n d  t h e  maximum a - a1 

n 

The maximum force is then 

and the d u r a t i o n  of impact can be  shown t o  be 
pmax n 

t = 2.94 3 
VO 

3.3 S t r a i n  and a c c e l e r a t i o n  due t o  impact of sphere 
on Hopkinson Bar - theory  and experiment. 
I n  o r d e r  t o  check t h e  i n s t r u m e n t a t i o n ,  a h a r c z n e d  s t ee l  s p h e r e  was 

s u p p o r t e d  o n  a l i g h t  wire i n  a simple pendulum arrangement [Fig. 3.11 and 
impacted a g a i n s t  t h e  end of t h e  Hopkinson bar. The  s p h e r e  was c a r e f u l l y  
a l i g n e d  so t h a t  o n l y  a x i a l  stresses would be  e x c i t e d  i n  t h e  s i n g l e  bar, 
w i t h  no bending. 

There  i s  n o  e x a c t  s o l u t i o n  f o r  t h e  problem of an  e l a s t i c  s p h e r e  
impacting a long ,  t h i n  e las t ic  bar .  However, the  response  may be  estimated 
by u s i n g  t h e  s o l u t i o n  f o r  t h e  impact between two elastic spheres and u s i n g  
a n  "equ iva len t  sphere" t o  r e p r e s e n t  the end of t h e  Hopkinson bar. T h i s  is 
j u s t i f i e d  t o  some e x t e n t  b e c a u s e  i n i t i a l l y  t h e  stress s i t u a t i o n  is 
l o c a l i z e d  at t h e  end of the  bar, t h e  s t r e s s  p u l s e  is s h o r t  compared t o  t h e  

l e n g t h  of t h e  bar,  and  i t  takes some time for the  p u l s e  t o  move down the 
bar. 

F i r s t  the  v e l o c i t y  of the  s t r iker  sphere is estimated. The sphere is 
pu l l ed  back a h o r i z o n t a l  distance b and simultaneously rises a d i s t a n c e  h. 
For t h e  pendulum used for t h e  pin-puller arrangement,  t h e  pendulum l e n g t h  !& 

= 60 i n c h e s .  The sphere diameter was 1.25 i n c h e s  and  t h e  b a r  was 0.75 
i n c h e s  in diameter. The parameters a ,  b ,  and h are  related t o  the pendulum 
a n g l e  8 by 

b = 11 s i n  0 and h = 11 (1 - COS Q) 
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I" 

Using a pullback b = 15 inches  the he igh t  h = 1.9052 inches .  If a l l  of  t h e  

p o t e n t i a l  e n e r g y  of t h e  s p h e r e ,  j u s t  b e f o r e  re lease,  is c o n v e r t e d  t o  
k i n e t i c  energy j u s t  before impact, then  the  s t r i k i n g  v e l o c i t y  vo is 

The r e s u l t s  of us ing  t h e  Hertz theo ry  for three d i f f e r e n t ,  s i m p l i f i e d ,  
Vo = (2 g h ) O * 5  = 38.4 i n / s  

r e p r e s e n t a t i o n s  of the bar are given i n  t he  first three l i n e s  of the tab le .  

0.625 1.125 k k 1487 1.981 62 5 152 1416 
0.625 Inf k 0 1322 1 . loo 1268 84 2875 

. .  

0.625 Inf k k 1322 1 ;451 96 1 111 21 75 
The measured experimental  values were 1100 120 2490 

I n  t h e  f i rs t  row, t h e  bar is r e p r e s e n t e d  by an  e q u i v a l e n t  s p h e r e  w i t h  
r a d i u s  equal t o  twice tha t  of t h e  i m p a c t i n g  sphere.  For t h e  s e c o n d  row,  
t h e  r a d i u s  R2 of t h e  e q u i v a l e n t  s p h e r e  was made i n f i n i t e  and t h e  Young's 
modulus E2 for  the  bar was made i n f i n i t e ,  making k 2  = 0 and n1 = 1 / m 1 .  For 
t h e  t h i r d  row,  Re was made i n f i n i t e ,  and k 2  = k l  = k .  I n  t h e  f o u r t h  row, 
t h e  experimental  va lues  of the  maximum force  P,, time of  c o n t a c t  t l  , and 
maximum stress am i n  t h e  stress p u l s e  i n  t h e  bar are l i s t ed .  I t  is seen  
t h a t  these va lues  are closest t o  t h e  predicted va lues  i n  the t h i r d  row. 

3.4 Frequency Range of I n t e r e s t  
The f r e q u e n c y  range r equ i r ed  for in s t rumen ta t ion  t o  adequate ly  measure 

and  r e c o r d  t r a n s i e n t s  is t h e  same as  t h e  r a n g e  r e q u i r e d  t o  a c c u r a t e l y  
p r e d i c t  s t r u c t u r a l  response a n a l y t i c a l l y .  

The pu l se  l e n g t h  on the Hopkinson bar would be Ilp = c To, where To is 
t h e  timewise l e n g t h  of t h e  p u l s e ,  i n  s econds ,  and c is t h e  v e l o c i t y  of a 
d i l i t a t i o n a l  wave i n  the bar. I n  Table 3.2.1, t h e  timewise, spacewise and  
spec t ra l  p r o p e r t i e s  are compared f o r  h a l f - s i n e  pu l ses  where To - l ops  and 
1 0 0 ~ s .  The 1 0 ~ s  p u l s e  is 2 i n c h e s  l o n g  o n  t h e  b a r ;  a minimum of 5 
i n t e r v a l s  would b e  needed  t o  a d e q u a t e l y  p o r t r a y  t h e  p u l s e  shape ,  which 
would g i v e  h = 0.4 i n c h e s  f o r  t h e  f i n i t e  e l e m e n t  g r i d  s p a c i n g .  By a 
separate a n a l y t i c a l  p rocess  , Parker 1123, 

" 32, 
7 9 '  used a modal summation t o  p r e d i c t  s t r a i n  E = - and a c c e l e r a t i o n  u = 

ax 
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He found t h a t ,  t o  p red ic t  t h e  s t r a i n  magnitude on a l o p s  h a l f - s i n e  p u l s e ,  
200 modes were r e q u i r e d  on t h e  bar w i t h  the highest modal n a t u r a l  frequency 
being 200 KHz. The corresponding ha l f  wave l e n g t h  is X - c / 2 f n  - 0.5 in. 
A c c e l e r a t i o n  is propor t iona l  t o  t h e  d e r l v a t i v e  of  t h e  s t r a i n ,  and 500 modes 
were r e q u i r e d  to  predict  a c c e l e r a t i o n  a c c u r a t e l y ,  t h e  r e l a t e d  wave l e n g t h  
b e i n g  0.2 i n c h e s  and t h e  highest  frequency 500 KHz. For the 100 PS pu l se ,  
t h e  wave is t e n  times as long ,  and one-tenth a s  many modes are r e q u i r e d .  

Table 3.2.1 
Wavelength and frequency content of pu lses  on bar. 

Pu l se  l e n g t h ,  time l o p  sec 

Mesh spac ing  on bar a t  tp/5 
Highest Na tu ra l  Freq. f o r  c t o  (511, 
(Half wave l e n g t h )  0.5 in 
Highest Natural Freq. f o r  u* 
(Half wave l e n g t h )  0.2 i n  

Pu l se  l e n g t h  on bar, inches  tp 2 

0.4 
200 KHz 

500 KHz 

1 0 0 ~  sec. 
20 
4 

20 KHz 
5 i n  

50 KHz 
2 i n  

From Parker C121 * 

3.5 Accelerometers and Associated Amplifiers 
The accelerometers used f o r  t h e  recent t e s t s  a t  N A S A  L a n g l e y  were as  

B & K shock accelerometer Type 8309 was u s e d  where t h e  f r e q u e n c y  
c o n t e n t  was e x p e c t e d  t o  be h i g h e s t ,  with a capac i ty  o f  100,OOOg p e a k  
a c c e l e r a t i o n .  I t  is designed t o  have a mounted resonance frequency of 180 
KHz, which allows h a l f - s i n e  p u l s e s  as  s h o r t  as 30 psec t o  be  accurately 
measu red  w i t h  amplitude errors due t o  r ing ing  of less than  10%. "If a t y p e  
2626, 2628, or 2635 Condi t ion ing  Amplifier is used . . . t h e n  shock p u l s e s  
as s h o r t  a s  6 ps may b e  measured  [24]". The charge s e n s i t i v i t y  was 0.044 

S i x  Endevco Model 2225M5 accelerometers were used wi th  a n  a d v e r t i s e d  
mounted r e s o n a n t  frequency of ~ O K H Z ,  0.03 pk  pC/g charge s e n s i t i v i t y ,  and  
l i n e a r  u p  t o  100,OOOg. The m a n u f a c t u r e r  sugges ts  t h a t  h a l f - s i n e  or 
t r i a n g u l a r  pu l se s  should exceed 65 ps t o  avoid high f requency  r i n g i n g .  The 
f requency  response is given as 2 t o  15,000 Hz. 

The accelerometers were attached using a threaded s t u d  i n  a h o l e  made 
by d r i l l i n g  and tapping  the  structure. 

f o l l ~ ~ s .  

PC/ g 
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3.6 S t r a i n  Gauges and Bridge Amplif iers  
The s t r a i n  gauges du r ing  t h e  r e c e n t  t e s t s  a t  NASA Lang ley  were Vishay  

w i t h  gauge  f a c t o r  of 2.08 on t h e  bars and 2.075 on t h e  HALOE Model. They 
were 3/16 i n c h e s  l o n g  and their r e s i s t a n c e  was 350 ohms. Each s t r a i n  gauge 
was m o n i t o r e d  t h r o u g h  a Vishay  BAM-1 Bridge Amplifier in a quarter-bridge 
arrangement. T h i s  means there was one a c t i v e  gauge and  o n e  dummy gauge .  
The w i r i n g  was a three-lead wire connection. The dummy gauge was wi red  i n  
series t o  a l o n g  lead, the combination being c o n n e c t e d  f rom t e r m i n a l  D of 
t h e  b r i d g e  t o  o n e  t a b  o f  t h e  s t r a i n  gauge. A separate lead was connected 
from t e r m i n a l  B t o  t h e  same s t r a i n  gauge t a b .  The t h i r d  wire was f rom 
t e r m i n a l  C t o  t h e  o the r  s t r a i n  gauge t a b .  T h i s  is recommended over  the 
two-wire connect ion ,  where t h e  dummy gauge is c o n n e c t e d  d i r e c t l y  a c r o s s  
t e r m i n a l s  B and  D ,  t o  e l i m i n a t e  d r i f t  due t o  temperature effects i n  t h e  
1 eads . 

The i n s t r u c t i o n s  f o r  c a l i b r a t i o n  of s t r a i n  signals are as follows C251 

Quarter or 
Half Bridge 

400 x CAL SET 
IJQ = 

GF x N 

R e  X CAL SET 
F u l l  Bridge 11B = - 

GF x N 

To read  t h e  aggregate  s t r a i n  from a l l  gauges, always use N = 1 ,  no matter 
how many gauges are used. 
To read the ave rage  surface s t r a i n  w i t h  s eve ra l  gauges, 

N - 1.3 u s i n g  an axial and t r a n s v e r s e  gauge i n  a u n i a x i a l  stress f i e l d  

N - 2 

N = 2.6 u s i n g  two a x i a l  and two t r ansve r se  gauges 
N = 4 

us ing  two gauges both a x i a l l y  a l i g n e d  w i t h  t h e  stress f i e l d  

us ing  f o u r  a x i a l  gauges. 
VQ - Simulated ( c a l i b r a t i o n )  s t r a i n  (microinches/inch) 

GF - Exact gauge factor 
R g  - Gauge r e s i s t a n c e  (of a r m  connected between binding p o s t s  A and C )  
F o r  t h e  p i n - p u l l e r  tests, t h e  c a l i b r a t i o n  S e t t i n g  was o n e  ( 1 1 ,  

r e s u l t i n g  i n  a c a l i b r a t i o n  s i g n a l  of 192.3 m i c r o i n c h e s l i n c h .  For  t h e  
s e p a r a t i o n  j o i n t ,  the c a l i b r a t i o n  s e t t i n g  was f i v e  ( 5 )  and t h e  s i g n a l  was 
961.5 p in / in .  

. 
CAL SET - P o s i t i o n  of CALIBRATION switch 

4.0 PROCESSING PROCEDURES FOR SHOCK DATA 
Timewise t r a n s i e n t  v i b r a t i o n  data may be  c o n v e r t e d  t o  t h e  f r e q u e n c y  

domain in t h e  form of e i ther  a shock  spec t rum o r  F o u r i e r  spectrum. For 
s e v e r a l  r easons ,  s t r u c t u r a l  dynamicists prefer t o  use t he  shock spectrum. 
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bar. Then an a d d i t i o n a l ,  Circular, groove 0.125" deep x 518" diameter was 
made t o  c o n t a i n  a r i n g  of p r i m a l i n e .  So t h e  p r i m a l i n e  was sandwiched  
between t h e  end of t h e  Hopkinson bar and t h e  e n d  of t h e  brass cap, which 
h a d  a r e m a i n i n g  t h i c k n e s s  of 0.10" to be t o r n  by t h e  p r i m a l i n e ,  The 
p r i m a l i n e  was then  fed  i n t o  the g r o o v e ,  t h e  c o n t a i n e d  l e n g t h  b e i n g  a b o u t  
(n0.625~-0.125~)=1 .84", t h e  0.125" subtracted t o  account for t h e  diameter 
of t h e  hole through which the  p r i m a l i n e  was i n s e r t e d .  Thus t h e  p r i m a l i n e  
t o re  a r i n g  of b rass ,  0.10" t h i c k  x 518" diameter. It e x c i t e d  p r i m a r i l y  
a x i a l  stress waves i n  t h e  bar, due t o  the symmetry o f  the end cap.  

The  s e c o n d  c o n f i g u r a t i o n  t e s t e d  on t h e  Hopkinson bar  was a brass  
jacke t  1 "  i n  diameter a n d  2 112" l o n g ,  as shown i n  Fig.  5.2, designed t o  
e x c i t e  p r i m a r i l y  bending v i b r a t i o n s  in t h e  Hopkinson bar. A l e n g t h w i s e  
g r o o v e  1 / 8 "  diameter  was formed i n  the jacke t  and  t h e  p r i m a l i n e  was 
i n s e r t e d  i n t o  t h i s  g r o o v e .  The jacke t  was s l i d  o v e r  t h e  e n d  of t h e  1 "  

diameter Hopkinson bar so t h e  end of the jacket was f l u s h  w i t h  t h e  end of 
t h e  bar. The pr imal ine  t h e n  acted as a l a t e r a l  l i n e  s o u r c e  of e x c i t a t i o n  
which e x c i t e d  bending stress waves i n  t h e  bar. 

5.1.2 Conf igura t ion  tested u s i n g  explosive bolts.  
An a p p a r a t u s  to  measure t h e  a x i a l  and radial  o u t p u t  of e x p l o s i v e  b o l t s  

on t h e  e n d  of t h e  same Hopkinson bar a r r angemen t  is shown i n  Fig. 5.3. 
Four sizes of bolts were purchased from Holex, Inc. ,  Hollister, C a l i f o r n i a :  
3 /8" ,  5/16", 1 1 4  a n d  s i z e  10. The t o t a l  charge i n  each bol t ,  explos ive  
p l u s  pr imer#  was r e s p e c t i v e l y  450,440, 210 and 60 milligrams. I n  a d d i t i o n ,  
some half-charge s i z e  10 b o l t s  were purchased. The bolts are designed t o  
f r a c t u r e  c i r c u m f e r e n t i a l l y  a t  a "break l i n e "  w h i c h  was a s p e c i f i e d  
d i s t a n c e  from t h e  b o l t  head ,  t h i s  l i n e  b e i n g  p o s i t i o n e d ,  i n  t h e  
door -open ing  a p p l i c a t i o n ,  a t  t h e  s u r f a c e  b e t w e e n  t h e  door  a n d  t h e  
door-frame. 

I n  t h e  t e s t  a r r a n g e m e n t ,  t h e  end o f  t h e  Hopkinson bar simulated the  
door frame and a special steel chamber, 1" d i a .  x 23/32" l o n g ,  s i m u l a t e d  
t h e  door. The e n d  of t h e  Hopkinson bar was d r i l l e d  a x i a l l y  and tapped t o  
accmodate t h e  threaded p o r t i o n  of t h e  b o l t .  A 3/32" t h i c k  s t ee l  washer 
was u s e d  be tween t h e  b o l t  head a n d  t h e  chamber, as  shown. The d i s t a n c e  
26/32" matched t h e  d i s t a n c e  from the bottom of t h e  b o l t  head t o  t h e  b r e a k  
l i n e  f o r  a 3/8" dia .  b o l t .  A s m a l l ,  i n t e r n a l ,  c i r c u m f e r e n t i a l  groove was 
provided at the  break l i n e  so the bol t  would have  c l e a r a n c e  t o  expand  and  
tract  we. 
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5.1.3 Data a c q u i s i t i o n  equipment. 
The p i ck -ups  used were Micro-Measurement Corp. f o i l ,  r e s i s t a n c e - t y p e ,  

118" long ,  120 ohm, s t r a i n  gauges.  Each o f  these  was c o n n e c t e d  t o  one  
a c t i v e  arm o f  an  E l l i s  BAM-1 b r idge -ampl i f i e r ,  t h e  s e c o n d  e x t e r n a l  a r m  
con ta in ing  a dummy r e s i s t a n c e  of 120 ohms. F i v e  b r i d g e  amplif iers  were 
u s e d ,  two w i t h  DC t o  100 KHz frequency range and three wi th  range  t o  on ly  
25KHz. The s i g n a l s  from the  br idge-ampl i f ie rs  were r e c o r d e d  on  a Sangamo 
3560 t a p e  r e c o r d e r ,  which has a frequency range of  0 t o  80 KHz, wi th  a r ise  
time of 5 pseconds. S i g n a l s  were r e c o r d e d  a t  120  i p s  and p l a y e d  back a t  
3.75 i p s ,  g i v i n g  a r a t i o  of record speed t o  playback speed t o  32. 

The s t r a i n  gauges were loca ted ,  i n  d iamet r ica l ly  o p p o s i t e  pa i r s ,  a t  
d i s t a n c e  o f  5 " ,  l o " ,  20", and  50" from t h e  i n p u t  end  of t h e  bar.  I n  
a d d i t i o n ,  f o r  t h e  e x p l o s i v e  b o l t  t e s t s ,  a s t r a i n  g a u g e  was m o u n t e d  
c i r c u m f e r e n t i a l l y  on t h e  o u t e r  surface of t h e  chamber, t o  m o n i t o r  t h e  
radial  output  of the explos ive  bol t .  

5.2 Explosive s e p a r a t i o n  n u t s ,  NASA LARC, 1973. 
I n  1973 there was i n t e r e s t  in d e t e r m i n i n g  t h e  s h o c k  wave e f f ec t s  of 

p y r o t e c h n i c  s e p a r a t i o n  n u t s ,  used for remote release a p p l i c a t i o n s ,  such as 
s e p a r a t i n g  v a r i o u s  i tems f r o m  a i r -  or s p a c e c r a f t  or u n f a s t e n i n g  
q u i c k - o p e n i n g  d o o r s .  A H o p k i n s o n  bar  a r r a n g e m e n t  was b u i l t  a t  t h e  
P y r o t e c h n i c s  L a b o r a t o r y  a t  NASA LARC a n d  V. H .  N e u b e r t  a c t e d  a s  a 
c o n s u l t a n t  d u r i n g  t h e  t e s t s ,  which were superv ised  by L. J. Bement. The 
r e s u l t s  were published i n  r e fe rence  C261. 

5.2.1 Apparatus 
The e x p e r i m e n t a l  a p p a r a t u s  c o n s i s t e d  of t h e  m o n i t o r i n g  ayatem and 

seven  s e p a r a t i o n  n u t s ,  There were six f l i gh t - type  s e p a r a t i o n  n u t s  and o n e  
n o n f l i g h t  t y p e .  The n o n f l i g h t ,  noncaptive t y p e  was h i s t o r i c a l l y  the  first 
and s imples t  release c o n c e p t .  The s i x  f l i g h t - t y p e  n u t s  were d e s i g n a t e d  
s t a n d a r d  d e s i g n  1 and 2 and Low-Shock des ign  1, 2, 3, and 4. The s t a n d a r d  
d e s i g n s  had been  u t i l i z e d  c o n s i d e r a b l y  i n  aerospace  p r o g r a m s .  T h e  
low-shock d e s i g n s  were s p e c i f i c a l l y  d e s i g n e d  t o  produce less mechanical 
shock upon ac tua t ion .  Although each n u t  c o u l d  c o n t a i n  two car t r idges for  
redundancy, on ly  one cartridge was used for each func t ion ing .  

5.2.2 Monitoring system 
The main  e l e m e n t s  of t h e  monitoring system were two 12 foot,  one inch 

diameter Hopkinson s t e e l  bars  hung i n - l i n e ,  end  t o  e n d ,  w i t h  a n  a d a p t o r  
c o n t a i n i n g  the s e p a r a t i o n  n u t  c o n n e c t i n g  t h e  two bars  t o g e t h e r  through 
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threaded connections.  The purpose of the d o u b l e  o r  s p l i t  Hopkinson  bars  
was t o  m e a s u r e  t h e  f o r c e  and  a c c e l e r a t i o n  o u t p u t  a t  t h e  s t u d  e n d  and  
housing end s e p a r a t e l y .  The adap to r s  a re  described i n  detail  i n  ref .  [26]. 

The shock waves were monitored by s t r a i n  gauges and accelerometers a t  
p o s i t i o n s  i n d i c a t e d  i n  F i g u r e  5.4. The s t r a i n  gauges were mounted a t  
d i a m e t r i c a l l y  o p p o s i n g  p o s i t i o n s  on  t h e  bars and were wi red  w i t h i n  t h e  

W h e a t s t o n e  B r i d g e  o f  t h e  a m p l i f i e r  t o  c a n c e l  t h e  s i g n a l s  due  t o  
l o n g i t u d i n a l  bending of t h e  bars. The gauges, Baldwin Model FAB12344S13, 
and t h e  a m p l i f i e r s ,  E l l i s  Model BAM-18, have a frequency response f l a t  t o  
a t  least 100 KHz. The accelerometers, Endevco Model 2225C, have a r e s o n a n t  
f r e q u e n c y  o f  80 KHz and  a mounted r e s o n a n t  frequency of approximately 50 

KHz, y i e l d i n g  a monitoring c a p a b i l i t y  t h a t  is f l a t  t o  10 t o  1 6  KHz. The 
accelerometer ampl i f e r s  were Endevco Model 271 8. 

The dynamic p u l s e s  were recorded on a n  FM m a g n e t i c  tape recorder  
M i n n e a p o l i s  H o n e y w e l l  7600  w i t h  a f r e q u e n c y  r e s p o n s e  f l a t  t o  40 KHz 
(capable of measuring rise times t o  6 v sec.) The e q u i v a l e n t  paper s p e e d  
o f  t h e  permanent  r e c o r d s ,  a c h i e v e d  by r educ ing  playback speeds, was over 
2200 in . / sec . ,  o r  0.48 mi l l i s econds  per inch. 

5.2.3 Test Procedure 
The e x p e r i m e n t a l  p r o g r a m  was d i v i d e d  i n t o  s i x  major d i v i s i o n s :  

es tabl ish monitoring a p p a r a t u s  , f u n c t i o n  t h e  s i x  f l i  g h t - t y p e  s e p a r a t i o n  
n u t s  , a n a l y z e  t h e  p e r f o r m a n c e  r e c o r d s  and  compare n u t  p e r f o r m a n c e s  , 
d e t e r m i n e  t h e  h o u s i n g  p e r f o r m a n c e s  wi th  o n l y  a s t a n d a r d  b o l t  ( n o  s t u d  
m o n i t o r ) ,  d e t e r m i n e  t h e  e f fec ts  of b o l t  to rque  on shock performance, and 
cons ider  t h e  p o s s i b l e  effects on a t y p i c a l  spacecraft system. 

The b e h a v i o r  of t h e  m o n i t o r i n g  a p p a r a t u s  was f i rs t  e s t a b l i s h e d  by 
impacting a steel b a l l  suppor ted  l i k e  a b a l l i s t i c  pendulum, against the bar. 
T h i s  p r o c e d u r e  was much t h e  same as t h a t  u s e d  f o r  t h e  1985 p i n - p u l l e r  
tests, and is d i scussed  i n  detail i n  Reference C261. 

The s i x  s e p a r a t i o n  n u t s  were f u n c t i o n e d  under  as n e a r l y  i d e n t i c a l  
c o n d i t i o n s  as p o s s i b l e ;  each n u t  was t o rqued  t o  11.298 Nm (100 in- lb)  on 
t h e  s t u d  moni tor ing  bar, and t h e  housing f l a n g e s  ( e x c e p t  f o r  Low-Shock 4 ,  
b e c a u s e  of its d e s i g n )  were bolted t o  the  housing monitoring bar. Seve ra l  
n u t s  of each t y p e  were f u n c t i o n e d .  An e f f o r t  was made t o  associate  t h e  
mechanisms of the func t ion ing  w i t h  the force-time h i s t o r y  obta ined  from t h e  

s t u d  and housing monitoring bars. The mot ion  o f  t h e  m o n i t o r i n g  bars was 
o b s e r v e d  w i t h  a 400-pps framing'camera to  estimate the  impulsive load ing  on 
func t ion ing .  T h i s  motion is related t o  p o t e n t i a l  energy g a i n e d  by t h e  bar 
by m u l t i p l y i n g  t h e  d i s p l a c e m e n t  h e i g h t  by t he  weight  o f  t h e  bars. The 
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p o t e n t i a l  energy was t h e n  u s e d  t o  c a l c u l a t e  t h e  i n i t i a l  k i n e t i c  e n e r g y ,  
a s s u m e d  t o  be  112  m v2, where m is t h e  bar mass and  v is t h e  i n i t i a l  
v e l o c i t y  . 

T h e  p e r f o r m a n c e  a n a l y s i s  was a c c o m p l i s h e d  by compar ing  f o r c e  and 
a c c e l e r a t i o n  time h i s t o r i e s  of each n u t  t y p e  on t h e  same time sca l e s .  The 
a c c e l e r a t i o n  time h i s t o r i e s  were a l s o  processed  t o  f i n d  t h e  a c c e l e r a t i o n  
shock spec t ra  t o  40 KHz w i t h  a Q of 1 0 ,  which  is e q u i v a l e n t  t o  5% o f  
c r i t i c a l  damping. Only the first 1.34 mi l l i s econds  of the r eco rd  was used ,  
before bar  end r e f l e c t i o n s  appeared ,  and  o n l y  t h e  i n i t i a l  shock  s p e c t r u m  
was cal cu l  at  ed . 

The s t u d  performance was monitored us ing  only  one Hopkipson bar. Th i s  
was done t o  s imula t e  t h e  mounting normally used on t h e  s e p a r a t i o n  s y s t e m s ,  
i n  w h i c h  t h e  n u t  h o u s i n g  is s e c u r e d  t o  t h e  s t r u c t u r e  and  t h e  s t u d  is 
allowed t o  move. F ive  n u t s  ( a l l  except S tandard  Design 2 )  were f u n c t i o n e d  
w i t h  a f r e e  s t u d  a n d  were m o n i t o r e d  o n l y  on t h e  h o u s i n g  s i d e .  The 
f o r c e - t i m e  h i s t o r i e s  of t h e  hous ing  were compared t o  t h e  p e r f o r m a n c e  
u t i l i z i n g  b o t h  m o n i t o r i n g  bars. A l s o ,  t he  s t u d  e j e c t i o n  v e l o c i t i e s  
produced on a c t u a t i o n  of the n u t s  and were o b s e r v e d  w i t h  a 44-pps  camera. 
T h i s  v e l o c i t y  was related t o  k i n e t i c  energy 1/2 mv2. 

The effect of to rque  on shock gene ra t ion  was determined by f u n c t i o n i n g  
f o u r  a d d i t i o n a l  n u t s  a t  higher t o r q u e  l e v e l s  u s i n g  b o t h  bars.  T h e i r  
force-time histories were compared t o  those  from the  corresponding t e s t s  a t  
11.298 Nm (100 in - lb ) .  

The  e f f e c t  o n  ' spacecraf t  was c o n s i d e r e d  based on  t h e  f o r c e - t i m e  
h i s t o r i e s .  Under c o n s i d e r a t i o n  were r e l a t i v e  s h o c k  l o a d s ,  e f f e c t s  of 
mounting, and r e l a t i v e  displacements on a c t u a t i o n .  

5.3 Pin-Pullers a t  N A S A  LARC, 1985 
5.3.1 Apparatus 

The e x p e r i m e n t a l  a p p a r a t u s  cons i s t ed  of t h e  monitoring system and s i x  
pin-pul le rs :  Viking I ( s i n g l e  i n i t i a t o r  and opposed  dua l  i n i t i a t i o n s )  or 
V i k i n g  V ( d u a l ) ,  Polar is  ( d u a l ) ,  R C A  B 1 . V  (HI Shear d u a l ) ,  and IC1 ATLAS 
p i n  r e t r a c t o r .  A calibrated impact hammer was a l s o  used. 

5.3.2 Monitoring Systems 
T h e  m a i n  e l e m e n t s  of t h e  m o n i t o r i n g  system [ F i g .  5 . 5 3  were two 

co ld - ro l l ed  steel bars 10 f e e t  l o n g  and 314 i n .  i n  diameter. They were 
o r i e n t e d  a t  r i g h t  a n g l e s  t o  each other i n  o r d e r  t o  measure t h e  a x i a l  and 
t r a n s v e r s e  o u t p u t  f o r c e s  r rom t h e  p i n - p u l l e r s ,  which  were mounted on a 
s p e c i a l ,  machined  a d a p t o r  c o n n e c t e d  t o  t h e  inpu t  ends of the  bars. This  
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adap to r  was about 2-3/11" x 3-11/32" x 1-1/4" o v e r a l l  and  was d r i l l e d  and 
tapped wi th  0.750" .diameter -16 UNF threads. 

The ou tpu t  end of each bar was f i t t e d  w i t h  a machined  s t e e l  end cap 
1 - 1 / 4 "  d i a  x 1 - 1 1 2 "  l o n g  which was c e n t r a l l y  d r i l l e d  and  t a p p e d  t o  
accommodate t h e  a c c e l e r o m e t e r s .  The l o n g i t u d i n a l  s t r a i n  g a u g e s  were 
l o c a t e d  17.82 in. from the input  ends of t he  bars, and were numbered 1 ,  2, 
3, 4 ,  on t h e  t r a n s v e r s e  bar and 5 ,  6 ,  7 ,  8 o n  t h e  a x i a l  bar.  The  g a u g e s  
were l o c a t e d  s u c c e s s i v e l y  90° a p a r t  around the  circumference of the  bar, 
w i th  g a u g e s  2, 4 ,  6 a n d  8 l y i n g  i n  t h e  h o r i z o n t a l  p l a n e .  S i n c e  a 
l o n g i t u d i n a l  stress wave t r a v e l s  abou t  200,000 i n / s  i n  t he  bar, a p u l s e  
about  0.001 s l o n g  could be obse rved  a t  t h e  s t r a i n  gauge  l o c a t i o n  b e f o r e  
there was any i n t e r f e r e n c e  from a r e f l e c t e d  wave. 

The s i g n a l s  were recorded on a n  FM t ape  recorder w i t h  f r e q u e n c y  r a n g e  
t o  80 Khz. The charac te r i s t ics  of t h e  s t r a i n  gauges accelerometers and 
amplifiers are g iven  i n  s e c t i o n s  3.5 and 3.6. 

5.3.3 Test Procedure 
The a p p a r a t u s  was ca l ibra ted  using a steel  spherical impactor be fo re  

the p i n - p u l l e r s  were tested. The s teps  were: 
1 .  The a x i a l  bar was tested f i rs t  by itself , w i t h  end caps a t  each end .  
The impact  e n d  was t h e n  impacted w i t h  t h e  s t e e l  s p h e r e  o f  1.25 i n c h e s  
diameter o n  a 60 i n c h  pendulum. S t r a i n  g a u g e s  5 ,  6 ,  7 ,  and 8 were 
m o n i t o r e d  s e p a r a t e l y  and t h e  B h K accelerometer was located on t he  o u t p u t  
end o f  the  bar. The h o r i z o n t a l  pull-back of the  sphere was 15 inches .  
2. A b l a s t i n g  cap was detonated a t  t h e  i n p u t  end of t h e  s i n g l e  bar  s e t - u p  
described i n  1 .  

3. The doub le  Hopkinson bar arrangement was assembled and impacted in the 
d i r e c t i o n  of the  axis of the a x i a l  bar with t h e  s t ee l  s p h e r e  on t h e  same 
pendulum. The B 81 K accelerometer 
w a s  o n  the  ou tpu t  end of the  a x i a l  bar and a n  Endevco a c c e l e r o m e t e r  o n  t h e  

t r a n s v e r s e  bar. 
4. The p in -pu l l e r s  were attached t o  the  adap to r  and activated. 

The eight s t r a i n  gauges were monitored. 

5.4 Pin -pu l l e r s  on HALOE Mock-up 
5.4.1 Apparatus 

The a p p a r a t u s  was a full-scale model of the  HALOE s t r u c t u r e  [Fig.  5.61. 
The f i v e  p in -pu l l e r  devices  used were: Mechanical V ik ing  I ( d u a l ) ,  V i k i n g  
V ( w i t h  o n e  $ two a c t u a t o r s ) ,  RCA BI .  V (Hi- Shear) and the  I C 1  ATLAS p i n  
r e t r a c t o r .  A calibrated impact hammer was also used. 
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5.4.2 Monitoring System 
There were e ight  s t r a i n  gauges on the model. Gauges 1 ,  2, 3, and 4, 

were located parallel  t o  the  axis of a hollow aluminum c y l i n d r i c a l  s ec t ion  
between t h e  main frames and the outboard elevation gimbal was 2.875 long 
w i t h  3.25" diameter. The gauges were loca ted  i n  order of t h e  numbers 
around t h e  c i r c u m f e r e n c e ,  a s  on t h e  Hopkinson bar ,  so 1 and 3 were 
diametrically opposite, as were 2 and 4. 

Strain gauges 5 and 6 were orthogonal and located on the heavy r i n g  on 
t h e  ou tboa rd  gimbal a t  a po in t  abou t  3/4 i n c h  from the  pin-pul ler  
attachment. Gauges 7 and 8 were orthogonal and a t  a point  on the  hollow, 
rectangular cross-section between t h e  two gimbals. 

Five accelerometers were monitored. The B & K accelerometer  was 
located on the r i n g  of the outboard gimbal adaptor, close t o  the p i n - p u l l e r .  
The main frame is seen a t  the top of Fig.  5.6. Accelerometers 3 and 4 were 
orthogonal and near t he  t i p  of t h e  tapered e n d ,  on the  l e f t .  Endevco 
accelerometers 5 and 6 were orthogonal and located a t  t h e  u p p e r  right-hand 
corner of the frame. There were no accelerometers numbered 1 and 2. The 
accelerometers were attached w i t h  threaded s t u d s  t o  mounting blocks. The 
axes of t h e  accelerometers 3, 4, 5 and 6 were paral le l  t o  the plane of the 
main frame. No acce le ra t ions  were measured perpendicular t o  the  main 
f r ame ,  wh ich  would have been t h e  most f l e x i b l e  d i r e c t i o n  i n  t h e  low 
frequency range. 

5.4.3 Test Procedure 
The p i n - p u l l e r s  were mounted and a c t i v a t e d ,  one-by-one, a t  t h e  

location shown i n  Fig.  5.6. The instrumentation was t h e  same a s  t h a t  used 
for  the t e s t s  described i n  Section 5.3. -. 

I .  

5.5 Spacecraft Separation Joint at NASA LARC, 1985 
5.5.1 .Apparatus 

The apparatus consis ted of a 12 inch long section of the separation 
j o i n t  [Fig. 5.71 and a monitoring system, which was made u p  of an aluminum 
tapered plate adaptor and a single Hopkinson bar [Fig.  5.81. 

5.5.2 Monitoring System 
The Hopkinson bar used i n  t h e  test w a s  t he  same axial  bar used i n  t h e  

pin-puller t e s t s  [Sect. 5.33 w i t h  t he  s t r a in  gauges 5,  6 ,  7 and 8 and t h e  B 
& K accelerometer i n  t h e  same locations. During the  calibrations u s i n g  the  
s t e e l  sphere on t h e  ba l l i s t i c  pendulum, an Endevco accelerometer was used 
i n  place of t h e  B & K accelerometer, for  comparison purposes. 
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The t a p e r e d  p l a t e  was 12 i n c h e s  wide x 0 .29  i n c h e s  t h i c k  a t  t h e  

o u t b o a r d  end ,  where the s e p a r a t i o n  j o i n t  was attached, and 1 i n .  x 1 i n .  a t  
t h e  other end, i n t o  which t h e  Hopkinson bar  was screwed. T h e  p l a t e  was 
screwed t i g h t  t o  t h e  bar and it happened t h a t  t he  plane of the  p la te  was a t  
a 30 degree angle t o  t h e  h o r i z o n t a l .  The steel end cap 1-1/4" d i a  x 1-1 12" 
l o n g  was on t h e  o u t p u t  end of the bar, fo r  a t t a c h i n g  t h e  accelerometer. 

5.5.3 Test Procedure 

1. The bar i tself  was f i r s t  impacted  a t  t h e  i n p u t  end  w i t h  t h e  1-1/11" 

s p h e r e  o n  a 78" l o n g  b a l l i s t i c  pendulum. S i n c e  t h e  pendulum l e n g t h  was 
d i f f e r e n t  from that of the  pin-pul ler  tests, the  pull-back was i n c r e a s e d  t o  
1 7 - 1 / 8 " ,  c a l c u l a t e d  t o  g i v e  t h e  same r i s e  t o  t h e  s p h e r e  as i n  t h e  
p in-pul le r  tests. There was n e i t h e r  a n  adaptor  nor an end cap on t h e  i n p u t  
end  of t h e  bar ,  b u t  t h e  u s u a l  end  cap for t h e  accelerometer mounting was 
screwed o n t o  t h e  o u t p u t  end. 
2. The tapered  p l a t e  adaptor  was screwed o n t o  t h e  i n p u t  e n d  of t h e  
Hopkinson bar and  impacted w i t h  t h e  s t e e l  s p h e r e .  The p r e s e n c e  of t h e  
a d a p t o r  a t t e n u a t e d  t h e  s i g n a l s  r e c e i v e d  by s t r a i n  g a u g e s  a n d  t h e  
accelerometer, so t e s t s  were done  w i t h  b o t h  17-118" and 30" p u l l - b a c k  
of t he  i m p a c t i n g  s p h e r e ,  t h e  30" pull-back used  t o  i n c r e a s e  t he  magnitude 
of the  s i g n a l s .  
3. S e v e n  separa te  t e s t s  were done w i t h  v a r i o u s  charges and  n o t c h e d  
s e p a r a t i o n  plates, as summarized i n  Table 6.5 .1 .  The t e s t s  were numbered 
1 1  through 17. 

The steps i n  t e s t i n g  were as follows: 

5.6 Spacecraft Separa t ion  J o i n t  a t  N A S A  LARC , 1 986 
5.6.1 Apparatus 

I n  l a t e  1986, s e v e r a l  spacecraft s e p a r a t i o n  j o i n t s  were tested u s i n g  
t h e  same a p p a r a t u s  as described i n  s e c t i o n  5.5,  except t h a t  a smaller 
aluminum tapered p l a t e  adaptor  was used between the  s e p a r a t i o n  j o i n t  and 
t h e  Hopkinson bar. The a d a p t o r  was 0.28 I n c h e s  t h i c k  a n d  o n l y  3 i n c h e s  
wide.  A t  t h e  s e p a r a t i o n  j o i n t  end, a three inch  long  s e c t i o n  of Separation 
j o i n t  was tested. The o v e r a l l  l e n g t h  of t h e  adaptor was 3.50 i n c h e s .  A 

sketch is shown i n  t h e  inset i n  Figure 6.55. 
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5.6.2 Monitoring Systems 
The m o n i t o r i n g  s y s t e m  was t h e  Hopkinson bar as described i n  s e c t i o n  

5.5.2. 

5.6.3 Test Procedure 

1 .  The bar w i t h  t h e  small 3" wide, tpaered p l a t e  a d a p t o r  was f i r s t  
impacted w i t h  t h e  1-1/11" diameter s t e e l  sphere or a f i v e  foot pendulum. . A 
15" pull-back was used. 
2. 

The steps i n  t e s t i n g  were as follows 

Three tests were done with separa t ion  J o i n t s  
a )  7 g r a i n s  per foot off-center ,  cons tan t  t h i c k n e s s ,  no s e p a r a t i o n .  
b )  11 g r a i n s  per foot on-center, cons tan t  t h i c k n e s s ,  no s e p a r a t i o n .  
c )  11 grains per foot on-center, varying t h i c k n e s s ,  s e p a r a t i o n .  

5.7 Analy t ica l  Predictions Using F i n i t e  Element Models 
I n  o rder  t o  bet ter  u n d e r s t a n d  t h e  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d ,  

t heo re t i ca l  f i n i t e  e l e m e n t  models were made and analyzed for t h e  v a r i o u s  
experimental  arrangements on the Hopkinson bars. I n  t h i s  approach, t h e  bar 
and adaptors ,  which have  d i s t r i b u t e d  mass a n d  s t i f f n e s s  and a n  i n f i n i t e  
number of degrees of freedom, are  replaced by a system wi th  lumped mass and  
s t i f f n e s s  and a f i n i t e  number of degrees of freedom. A mesh is l a i d  o v e r  
t h e  s y s t e m ,  and r e s p o n s e  c a l c u l a t . e d  o n l y  a t  t h e  mesh p o i n t s .  I n  t h i s  
process,  t h e  f i r s t  problem is t o  d e v i s e  a f i n i t e  element model which w i l l  
adequate ly  r e p r e s e n t  the behavior  of  t h e  s y s t e m  b e i n g  model led .  Some of 
the  c o n s i d e r a t i o n s  are as follows: 
1.  The e l e m e n t s  in te rconnec t ing  the  mesh p o i n t s  must adequate ly  r e p r e s e n t  

t h e  b e h a v i o r  of t h e  s y s t e m  b e i n g  i i iodelled.  This m e a n s  t h a t  t h e  
d i f f e r e n t  t y p e s  of d i s t o r t i o n  m u s t  be a c c o u n t e d  for, s u c h  a s  
s t r e t c h i n g ,  t w i s t i n g ,  bending, s h e a r i n g  a n d  t h e  P o i s s o n  effect .  I n  
a d d i t i  on ,  t he  r e s u l t i n g  a c c e l e r a t i o n ,  v e l o c i t i e s ,  or deflections must 
be a c c u r a t e l y  predicted.  

2. The mesh s p a c i n g  o n  t he  s t r u c t u r e  must  be f i n e  enough t o  be able t o  
r e p r e s e n t  t h e  propagat ion of t h e  h ighes t  f r e q u e n c y ,  s h o r t e s t ,  stress 
wave expected. 

3. If a modal s o l u t i o n  is used involv ing  a series s o l u t i o n  of t h e  sum of 
modal c o n t r i b u t i o n s ,  t h e n  s u f f i c i e n t  modes must  be used t o  r e p r e s e n t  
t he  t r u e  s o l u t i o n .  
The f i rs t  c o n s i d e r a t i o n  is satisfied by t h e  choice of element i t s e l f ,  

s u c h  as beam element,  p l a n e  stress or p l a n e  s t r a i n  p l a t e  e l e m e n t ,  p l a t e  
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bending element,  c y l i n d r i c a l  shel l  element, or s o l i d  element--to name a few 
examples . 

A s t a n d a r d  way t o  check t h e  s i z e  o f  t h e  mesh is t o  make t h e  mesh 
smaller and smaller, keeping e v e r y t h i n g  else cons tan t .  If t h e  e l e m e n t s  are 
c h o s e n  p r o p e r l y ,  a f i n e r  mesh r e s u l t s  i n  a more a c c u r a t e  s o l u t i o n .  A f f n e r  
mesh a l s o  r e s u l t s  i n  a more e x p e n s i v e  s o l u t i o n ,  so t h e  goal  is t o  choose 
t h e  mesh t h a t  is j u s t  f i n e  enough t o  do the  job .  A second way t o  determine 
mesh s i z e  is by d o i n g  a re la ted problem f o r  shock  f o r  w h i c h  a n  e x a c t  
s o l u t i o n  i s  a v a i l a b l e .  O f  course,  i f  the e x a c t  s o l u t i o n  were a v a i l a b l e  for  
the  problem of i n t e r e s t ,  t h e n  the  f i n i t e  element approximation would n o t  b e  
needed. 

By 
knowing the frequency content  of t h e  e x c i t a t i o n ,  u s u a l l y  from a shock or 
F o u r i e r  S p e c t r u m  of t h e  e x c i t a t i o n ,  we c a n  a n t i c i p a t e  t h e  r a n g e  of 
f r e q u e n c i e s  of t he  s t r u c t u r e  t h a t  w i l l  be responding. The modal s o l u t i o n s  
conve rge  most r a p i d l y  for displacement.  Q u a n t i t i e s  that  involve  t h e  first 
d e r i v a t i v e  of displacement ,  such  as v e l o c i t y  or s t r a i n ,  are more d i f f i c u l t  
t o  p red ic t  b e c a u s e  t h e  modal series converges more s lowly .  Acce lera t ion ,  
b e i n g  t h e  s e c o n d  d e r i v a t i v e  of d i s p l a c e m e n t ,  is t h e  most e x p e n s i v e  t o  
p r e d i c t  by the  modal approach because of very slaw convergence of the  modal 
series involved. T h i s  means t h a t  t he  frequency c o n t e n t  of a n  a c c e l e r a t i o n  
p u l s e  e x t e n d s  t o  a h i g h e r  r a n g e  t h a n  t h a t  of the  associated displacement 
pulse .  

The computer  program u s e d  was S A P I V  C271 coded i n  FORTRAN I V .  The 
program has e i g h t  f i n i t e  e l e m e n t s  which may be employed, s i n g l y  o r  i n  
c o m b i n a t i o n s .  - Two e l e m e n t s  were used i n  t h e  p r e s e n t  a n a l y s i s :  t h e  
three-dimensional beam element and the  plane s t r e s d p l a n e  s t r a i n  e l e m e n t .  
The beam element is one-dimensional, w i t h  a nodal  p o i n t  a t  each end, bu t  a t  
each node ,  three d i s p l a c e m e n t s  a n d  th ree  r o t a t i o n s  a r e  c a l c u l a t e d ,  
a c c o u n t i n g  f o r  a x i a l  d i l a t a t i o n ,  t o r s i o n ,  l a t e r a l  shear a n d  b e n d i n g  
d e f l e c t i o n  and r o t a t i o n .  The p l a n e  stress e l e m e n t  has f o u r  n o d a l  p o i n t s  

' w i t h  two t r a n s l a t i o n a l  degrees of freedom a t  each node. Two nodal  p o i n t s  
may' be g i v e n  i d e n t i c a l  locations, t h u s  forming a t r i a n g u l a r  e l e m e n t .  The 
e l e m e n t  is u s e d  t o  r e p r e s e n t  t h i n  p l a t e s ,  where t h e  l o a d i n g  a n d  
deformations are i n  t he  p lane  of the  plate .  I t  c o u l d ,  therefore,  be u s e d  
t o  r e p r e s e n t  a beam i n  bend ing  if a gridwork 1s placed over  t he  depth of 
t h e  beam as well as the length .  

1.  
2. 

The t h i r d  c o n s i d e r a t i o n  has t o  do w i t h  t h e  f r e q u e n c y  domain.  

Five c o n f i g u r a t i o n s  were analyzed using f i n i t e  elements: 
Hopkinson bar wi th  p l a i n  ends and no end adaptors .  
A bi-metal Hopkinson bar w i t h  p l a i n  ends and no adaptors. 

:I 
I 

II 

. I  

:I 
. I  

I 
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3. 
4.  

5. 

Hopkinson bar wi th  end caps on each end. 
Hopkinson bar wi th  HALOE pin-pul ler  adaptor on input  end and cap on 

Hopkinson bar wi th  aluminum and s t ee l  s e p a r a t i o n  j o i n t  adaptors on 

The t h e o r e t i c a l  bar  was 78 i n c h e s  l o n g  and  t h r e e / f o u r t h s  i n c h  i n  

output  end. 

input  end and endcap on output end. 

diameter. S i n c e  SAPIV does n o t  account for r igid-body modes r e a d i l y ,  t h e  
bar was anchored a t  t h e  output  end, rather than  f ree  as i n  t he  e x p e r i m e n t s .  
T h i s  is a c c e p t a b l e  i f  t h e  s o l u t i o n  is used  o n l y  u p  t o  t h e  t ime when 
r e f l e c t i o n s  from the output  end would appear a t  t h e  m o n i t o r e d  p o i n t .  The 
m o n i t o r e d  p o i n t  was 1 4  i n c h e s  from t h e  i n p u t  e n d  f o r  t h e o r e t i c a l  
comparisons and 17 inches  from t h e  e n d  f o r  compar i sons  w i t h  e x p e r i m e n t a l  
d a t a .  F o u r  force  i n p u t  p u l s e s  were u s e d  a s  i n p u t s :  o n e  was from 
e x p e r i m e n t a l  measurement  o f  t h e  p u l s e  produced  u s i n g  t h e  s t e e l  s p h e r e  
i m p a c t o r ,  t h e  o t h e r  t h r e e  were h a l f - s i n e  p u l s e s  of  10, 100,  and  500 
microsecond dura t ion .  The 10 ps p u l s e  is i n  t h e  r a n g e  of l e n g t h  of t h e  
o u t p u t  from t h e  spacecraft s e p a r a t i o n  j o i n t  while  t h e  100 ps p u l s e  is about  
t h e  same l e n g t h  as some of t h e  p i n - p u l l e r  p u l s e s .  The f i r s t  two p u l s e s  
were u s e d ,  i n  par t ,  t o  compare with t h e  work of Parker related t o  e x p l o s i v e  
b o l t  o u t p u t s  C121. 

I 

5.7.1 S i n g l e  Hopkinson Bar with No Adaptors or Endcaps 

t h e  f i n i t e  element r e p r e s e n t a t i o n .  The Pour v a r i a b l e s  were: 
1 .  t he  d u r a t i o n  of the pulse  input 
2.  t h e  e l e m e n t  g r i d  s i z e ,  or the number of elements used t o  r e p r e s e n t  t h e  
bar. 
3. t h e  time increment,  A t .  
4. t h e  number of modes used  i n  t h e  s o l u t i o n .  The SAPIV program has two 
o p t i o n s  f o r  timewise s o l u t i o n s .  One is a d i r ec t  i n t e g r a t i o n  of t h e  n 
s i m u l t a n e o u s  degrees of freedom, which is equiva len t  t o  us ing  all n modes. 
The other choice i n v o l v e s  modal summation,  where a spec i f i ed  number of 
modes are used. Table  5.7.1 sumnarizes the v a r i a t i o n s  i n  t h e  s o l u t i o n s .  

The s o l u t i o n  w a s  var ied  i n  three ways i n  order t o  check convergence  of 

i 
L. .. 

I -  
I 
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Table .5.7.1 Number of  Modes used for Bar w i t h  No Endcaps 

I 
G r i d  s i z d  
( i n c h e s )  I 

Number of modes used 

I I O  vs p u l s e  100 us pu l se  500 us p u l s e  
1 / 8  n n 
1 /4 n n n 
1 /2 n,5,10,20 n,5,10 

1 n nr3r 5,10 , 30 
2 n n n 

I 

5.7.2 Bi-metal Hopkinson Bar with no Endcaps. 
Some of the  a d a p t o r s  used on  t h e  steel  Hopkinson bars  were made of 

aluminum. T h e r e f o r e ,  a t  t he  ear ly  s tages  of  t he  a n a l y s i s ,  t he  adequacy of 
t h e  f i n i t e  e l emen t  program t o  p r e d i c t  t h e  e f fec t  of wave p r o p a g a t i o n  
t h r o u g h  a n  i n t e r f a c e  be tween the  two m a t e r i a l s  was checked. I n  t h i s  case 
the  e x a c t  s o l u t i o n  f o r  t h e  t r a n s m i t t e d  and r e f l ec t ed  wave is known. The 
p u l s e  was a p p l i e d  t o  a n  aluminum bar 78 i n c h e s  l o n g ,  which was s o l i d l y  
connected t o  a steel bar of the same length.  The f o r c e s  were c a l c u l a t e d  i n  
t he  aluminum bar 39 inches  from the input end. 

Two cases were s o l v e d .  The f o r c e  was f o u n d  for a h a l f - s i n e  f o r c e  
p u l s e  o f  10,000 pounds magn i tude ,  100 us l ong ,  and t h e  g r i d  spac ings  were 
112 and 1 inches .  

I 
. I  
. I  
- 1  
. I  

5.7.3 S i n g l e  Hopkinson Bar with Endcaps. 
The check-out of the  exper imenta l  set-up was made u s i n g  a s teel  sphere 

impactor w i t h  endcaps on each end of the Hopkinson bar. The measured force 
i n p u t  w a s  used on a t h e o r e t i c a l ,  f i n i t e  e lement  model i n  o r d e r  t o  p r e d i c t  
t he  e f f e c t  of the e n d c a p s  o n  t h e  f o r c e  t r a n s m i s s i o n .  I n  a d d i t i o n ,  t h i s  
model was analyzed us ing  a t h e o r e t i c a l  ha l f - s ine  100 ps p u l s e  with 1100 and 

.I 
I 

1250 p o u n d s  m a g n i t u d e ,  t o  compare with t h e  i n p u t  f rom t h e  spherical  
impactor. The experimental  force-time c u r v e  f o r  t h e  spher ica l  i m p a c t o r ,  
which was about 130 l ong ,  was also d i g i t i z e d  and t h e  forces predic ted  in 
the bar  17 i nches  from the  i n p u t  end, a t  t he  l o c a t i o n  of t h e  s t r a i n  g a u g e s  
on the bar. 
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I .  
i '  
c ,  

5.7.4 Hopkinson Bar with Pin-Puller Adaptor 
A Hopkinson bar w i t h  a p i n - p u l l e r  a d a p t o r  on  t h e  s t r u c k  end  and  a n  

endcap  on t h e  o u t p u t  end was modelled. Experimental results for a similar 
arrangement were ob ta ined  through the  use of a spherical i m p a c t o r .  F o r c e s  
were c a l c u l a t e d  1 4  i n c h e s  f o r  t h e  s t r u c k  end and  o n l y  the  one inch  g r i d  
s p a c i n g  was u s e d ,  s i n c e  t h e  p i n - p u l l e r  p u l s e  i s  r e l a t i v e l y  l o n g .  The 
c o n v e r g e n c e  o f  t h e  s o l u t i o n  was d e t e r m i n e d  by v a r y i n g  t h e  l e n g t h  of the  

inpu t  pu l se  and t h e  number of modes summed, as i n d i c a t e d  i n  Table 5.7.2 

Table 5.7.2 Theore t i ca l  inputs  t o  bar with p in -pu l l e r  adap to r  
Magn i t ude Pulse  Duration Number of Modes 

( l b s )  (vs)  
10,000 10 n ,30,50 
10,000 100 n,20,30,50 
1,100 100 n ,20,30,50 
1,250 100 n 
1,065 130 (exper imenta l  pu lse)  

5.7.5 Hopkinson Bar with Separation J o i n t  Tapered Plate Adaptor 
The l a s t  conf igu ra t ion  modelled t h e o r e t i c a l l y  was a Hopkinson bar  w i t h  

a l a r g e  a l u m i n u m  t a p e r e d  p l a t e  a d a p t o r  on t h e  i n p u t  end  [ F i g .  5 . 8 3 .  
Analys is  was a l s o  comple ted  f o r  a s t e e l  a d a p t o r  o f  t h e  same d i m e n s i o n s ,  
because b o t h  t h e  adaptor shape and material  have a n  e f f e c t  o n  t h e  wave 
t r ansmiss ion  t o  the  bar. I n  t h i s  case ,  the  p lane  stress e l e m e n t s  and beam 
e l e m e n t s  were b o t h  used ,  t h e  former f o r  t h e  tapered plate and t h e  la t ter  
for t he  beam. A problem a r i s e s  at t h e  in t e rconnec t ion  of t h e  p l a n e  stress 
e l e m e n t  and the  beam element because t h e  p lane  stress element does no t  have 
a r o t a t i o n a l  degree of freedom a t  t h e  n o d e s ,  o n l y  d i s p l a c e m e n t  i n  two 
d i r e c t i o n s .  Thus ,  t o  handle  t h e  c o m p a t i b i l i t y  c o n d i t i o n  that  the  s l o p e  of 
t h e  beam and plate must be the  same a t  t h e  i n t e r c o n n e c t i o n ,  t h e  beam was 
e x t e n d e d  i n t o  t h e  p l a t e  t o  t h e  n e x t  node ,  so t h e  beam and t h e  p l a t e  
overlapped a t  two nodes. The phys ica l  p r o p e r t i e s  of  b o t h  were a d J u s t e d  
l o c a l l y  t o  a c c o u n t  for t h e  a c t u a l  c o n f i g u r a t i o n  a t  t h e  i n t e r f a c e .  
Convergence w a s  v e r i f i e d  by vary ing  t h e  g r i d  s i z e  and  t h e  l e n g t h  o f  t h e  
Inpu t  pu l se ,  as sumnarized i n  Table 5.7.3. 
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-~ ~~ ~~ ~~ ~~ ~ -~ 
Table 5.7.3 S o l u t i o n s  f o r  Hopkinson Bar with Tapered Plater Adaptor 

Adaptor mater i a1 Grid s ize  Input  pulse l e n g t h  
( i n )  (us) 

Aluminum 112 10,100 
1 10,100,130 
2 10,100,130 

1 10,100 
Steel 1 1 2  

2 10,100 

6.0 RESULTS 
6.1 Pr imal ine  and Explosive Bolts at  PSU, 1971 

The first test  f o r  which data w a s  recorded  was f o r  t h e  5/8" diameter 
r i n g  of p r i m a l i n e  i n  a brass end cap n the end of  t h e  Hopkinson bar. The 
r e c o r d  of t h e  f o r c e  o u t p u t  o n  the  bar 5" f rom t h e  p r i m a l i n e  s h o w e d  a 
c o m p r e s s i v e  p u l s e  about 10 us long  followed by a t e n s i l e  p u l s e  of  about t h e  
same l e n g t h  and magnitude. The p r i m a r y  f r e q u e n c y  a s s o c i a t e d  w i t h  s u c h  a 
wave is 50,000 Hz. The stress wave was dispersed,  wi th  a r e s u l t a n t  change 
i n  shape ,  as i t  t r a v e l l e d  down the  bar.  The p r ima l ine  was i n  c o n t a c t  w i t h  

t h e  e n d  of t h e  bar and  t h e  ou tpu t  f o r c e  was i n i t i a l l y  a compression as t h e  
p r e s s u r e  b u i l t  up t o  tear the  0.10- thickness  of brass. The t e n s i o n  p u l s e  
which f o l l o w e d  was a p p a r e n t l y  due t o  the  end cap p u l l i n g  on the end of t he  
bar. F u r t h e r  down t h e  bar,  t h e  f i r s t  p u l s e  was p r i m a r i l y  c o m p r e s s i v e ,  
meaning  t h a t  t h e  stress wave was st i l l  changing shape when i t  was 5" from 
the  s t r u c k  end. 

I n  r e f e r e n c e  [ l ] ,  s t r a i n  records a r e  shown from t h e  de tona t ion  of a 
1 1 4 "  e x p l o s i v e  b o l t  o n  t h e  end  of t h e  b a r .  The s t r a i n  g a u g e s  were on 
d i a m e t r i c a l l y  o p p o s i t e  s ides  of t h e  bar 20" from t h e  i n p u t  end. If t he  
s t r a i n s  are i n  phase, t h e  stress wave is d i l a t a t i o n a l ;  i f  they  are t h e  same 
shape and magnitude bu t  oppos i t e  i n  sign, the stress is due t o  pure bending. 
I n i t i a l l y  there is a compressive p u l s e  and t h e  s t r a i n s  are  i n  phase.  The 
p u l s e  l e n g t h  is a b o u t  20 us, the  p e a k  s t r a i n  is 1165 u i n / i n ,  t h e  p e a k  
stress is 34,950 p s i ,  and the  peak f o r c e  is 27,450 pounds. 

A t  t h e  5" s t a t i o n ,  stresses as h i g h  a 55 ,000  p s i  were r e c o r d e d ,  b u t  
t h e  s t r a i n  g a u g e s  on  t h e  m i l d  steel bar showed no permanent set .  T h i s  is 
assumed to be due t o  the inc reased  y i e l d  stress of the  mater ia l  a s s o c i a t e d  
wi th  t h e  high rate of loading .  

T h e s e  r e s u l t s  are  summarized from t h e  r e p o r t  t o  N A S A  by Neubert and 
P a r k e r  dated Nov. 24, 1971 [l]. The r e p o r t  a l s o  i n c l u d e s  p r e d i c t i o n s  o f  
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i c  

s t r a i n  and accelerations us ing  t h e  elementary bar theory,  which p r e d i c t s  no 
d i s p e r s i o n ,  and  t h e  more e x a c t  Love theory ,  reproduced i n  F ig .  6.1 - 6.3. 
The t h e o r e t i c a l  force i n p u t  was a ha l f - s ine  wave 10 us l o n g  and  of 3 O , O O O  

pounds  peak force.  The modal s e r i e s  s o l u t i o n  fo r  s t r a i n  a t  20t1 and 50" 
from the i n p u t  e n d  of t h e  bar is shown i n  F i g .  6.1. The s o l u t i o n s  are  
p l o t t e d  for 50, 100, 200, and 500 terms of the series. It  is seen t h a t  100 
modes is s u f f i c i e n t  t o  p r e d i c t  the maximum s t r a i n  w i t h  10% error.  The 
n a t u r a l  f r e q u e n c y  of the  2 0 0 t h  mode is 200 KHz for t h e  e l e m e n t a r y  bar 
theory. The predicted p u l s e  s h a p e s  a t  t h e  two s t a t i o n s  are p r a c t i c a l l y  
i d e n t i c a l ,  as expected for elementary bar theory.  

I n  Fig.  6.2, t h e  convergence of the  modal ser ies  f o r  a c c e l e r a t i o n  is 
d e p i c t e d  a n d  it is s e e n  t h a t  500 modes are r e q u i r e d ,  confirming tha t  many 
more modes are r e q u i r e d  t o  p r e d i c t  a c c e l e r a t i o n  t h a n  s t r a i n .  The peak 
a c c e l e r a t i o n  was predicted as 430,OOOg a t  the  output  end of t h e  bar, which 

was t o o  high t o  measure with t h e  accelerometers  on hand a t  t h e  time. 
The stress p r e d i c t e d  u s i n g  Love theo ry  is shown i n  Fig. 6.3 f o r  

x = 5w, low, and 50". I t  is seen that  t h e  p u l s e  is p r i m a r i l y  compressive 
a t  t he  5" s t a t i o n ,  and the magnitude of t h e  c o m p r e s s i v e  stress decreases 
and t h e  t e n s i l e  t a i l  develops as the wave t r a v e l s  down t h e  bar. I was also 
demonstrated tha t  t h e  d i s p e r s i o n  of a 25 ps p u l s e  is much less  t h a n  t h a t  of 
the  10 us pulse .  

response  of Bernoulli-Euler and Timoshenko beams t o  t h e  same input  pulse. 
P a r k e r  [12] a n d  P a r k e r  a n d  N e u b e r t  [13] a l s o  p r e d i c t e d  t h e  

6.2 Explosive Nuts at NASA LARC, 1973 
The r e s u l t s  summarized h e r e  are  from t h e  f i n a l  c o n t r a c t  r epor t  by 

Neuber t  C281 a n d  t h e  re la ted pi ib l i shed  paper Sy Bement and Neubert f261. 
The r e s u l t s  from t h e  s i x  p a r t s  of t h e  e x p e r i m e n t a l  program o u t l i n e d  i n  
S e c t i o n  5.2 are discussed  here I n  the  same order. 

The monitor ing appara tus  w a s  checked us ing  t h e  steel  s p h e r e  impactor. 
T h e s e  r e s u l t s  are  d i s c u s s e d  in d e t a i l  i n  S e c t i o n  6.6, s i n c e  t h e y  a r e  
similar t o  those i n  t he  pin-puller and s e p a r a t i o n  j o i n t  tests. With regard 
t o  adaptor  e f f e c t s ,  no a p p r e c i a b l e  losses  were produced by the straight 

c y l i n d r i c a l  adaptor or t h e  45O e x p a n s i o n  c o n i c a l  a d a p t o r .  T h e  
noncapt ive n u t  was funct ioned during t h i s  s t e p .  

Only a l imi ted  comparison of nut performance is made here,  b u t  t he re  
is c o n s i d e r a b l e  detail  i n  the Ref. [261. The behavior of Standard Design 2 
and Low-Shock Design 4 may be compared from F i g s .  6.4 and 6.5, which show 
force-time and a c c e l e r a t i o n - t i m e  records for  s t u d  force and housing force, 
as  s e n s e d  o n  the separa te  Hopkinson  b a r s  b e t w e e n  wh ich  t h e  n u t  was 

I' 
I .  
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connected. For Standard Design 2 t h e  peak c o m p r e s s i v e  fo rce  o n  t h e  s t u d  
was 3 2 , 6 0 0  p o u n d s  w i t h  a d u r a t i o n  of  a b o u t  100  us and t h e  maximum 
a c c e l e r a t i o n  w a s  43,000s. For Low-Shock Des ign  4, t h e  h o u s i n g  fo rce  was 
l a r g e r  t h a n  t h e  s t u d  fo rce ,  t h e  maximum h o u s i n g  force b e i n g  910 l b .  

compression and t h e  maximum a c c e l e r a t i o n  3,880g. 
The f r e q u e n c y  c o n t e n t  of t h e  a c c e l e r a t i o n  s i g n a l s  was f o u n d  by  

p l o t t i n g  t h e  a b s o l u t e  a c c e l e r a t i o n  shock  spectra from 4 t o  40,000 Hz 
[Figs. 6.6 and 6.71  f o r  t h e  s t u d  and hous ing .  Note t h a t  t h e r e  is some 
c r o s s i n g  of t h e  c u r v e s  so that  Low-Shock 1 has the  highest spectral values  
below 1000 Hz and t h e  lowest v a l u e s  above 10,000 Hz. T h u s ,  i f  we were 
c o n c e r n e d  w i t h  low f r e q u e n c y  o u t p u t ,  we m i g h t  choose Standard Design 1 or 
Low-Shock 4. I n  t he  high frequency range Low-Shock D e s i g n s  1 and 4 a p p e a r  
bes t .  

Example8 of force performance using free s t u d s  are shown i n  the paper 
f o r  Low-Shock Designs 2 and 4, compared t o  t h e  blocked force o b t a i n e d  u s i n g  
t h e  two-bar m o n i t o r i n g  system. T h e  i n i t i a l  t e n s i l e  l o a d s ,  produced by 
p r e s s u r i z a t i o n  of t h e  n u t  body and t h e  forces  n e c e s s a r y  t o  o v e r c o m e  
f r i c t i o n  i n  t h e  r e t a i n i n g  c y l i n d e r  withdrawal were considerably increased  
for a l l  n u t s ,  with i n c r e a s e s  of two t o  six times greater u s i n g  t h e  free 
s t u d s  compared t o  t h e  blocked s t u d s .  The shape of the  curves s tayed  about  
t h e  same, even though t h e  maximum v a l u e  i n c r e a s e d .  The s e c o n d a r y  l o a d s  
were a p p r e c i a b l y  i n c r e a s e d  fo r  S t a n d a r d  Design 1 and Law-Shocks 1 and 4. 
However, f o r  Low-Shock Designs 2 and 3, t h e  magnitude of t h e  fo rces  d u r i n g  
t h e  s e c o n d a r y  phase  r ema ined  about  the same, even though the  shape of the  
c u r v e s  changed  somewhat. T h e  v e l o c i t i e s  a t  t h e  s t u d s  a c h i e v e d  o n  
f u n c t i o n i n g - v a r i e d  from zero t o  2.80 m/sec (9.2 ft/sec) and are g iven  i n  
Table  11 of Ref. C261. 

The e f f ec t  of torque  on force-performance his tor ies  is shown presented  
i n  Ref. C261. The performances of t h e  n o n c a p t i v e  n u t ,  S t a n d a r d  Des ign  1 , 
a n d  Low-Shock Des ign  1 were e s s e n t i a l l y  t he  same w i t h i n  normal f u n c t i o n a l  
v a r i a t i o n s ,  but  t h e  loads produced by Low-Shock Design 4 were c o n s i d e r a b l y  
i n c r e a s e d .  S i n c e  t h e  o n l y  f o r c e  r e q u i r e d  t o  a c h i e v e  s e p a r a t i o n  i n  
Lorshock  Design 4 is t h a t  of moving t h e  small-mass r e t a i n i n g  c y l i n d e r s ,  a n  
i n c r e a s e  i n  f r i c t i o n  c a u s e d  b y  a n  i n c r e a s e  i n  t o r q u e  l e v e l  would 
s i g n i f i c a n t l y  affect the  force t o  i n i t i a t e  and s t o p  t h i s  motion. 

T h e  shock  e f f e c t s  o n  s p a c e c r a f t  w i t h  r e g a r d  t o  f o r c e s  a n d  
a c c e l e r a t i o n s  produced  by t h e  s e p a r a t i o n  n u t s  can be decreased u s i n g  the  
low-shock d e s i g n s .  Some p e n a l t i e s  m u s t  be c o n s i d e r e d  i n  t h e  form of 
i n c r e a s e d  we igh t ,  volume, and complexity of the  release mechanism over t he  

e x i s t i n g  commonly u s e d  p y r o t e c h n i c  s e p a r a t i o n  n u t s .  O t h e r  p r a c t i c a l  
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s u g g e s t i o n s  are p r e s e n t e d  f o r  a t t a c h i n g  items w i t h  t h e  n u t s  a n d  f o r  
f u n c t i o n i n g  n u t s  t h a t  h a v e  two g a s - g e n e r a t i n g  ca r t r idges .  Al so  t h e  
ques t ions  remain as t o  which parts of t h e  spacecraf t  are  s u s c e p t i b l e  t o  
py ro techn ic  shock and which frequency ranges  are t h e  most impor tan t .  

6.3 Pin-Pullers a t  NASA LARC, 1985 
The resu l t s  f o r  c a l i b r a t i o n  of t h e  Hopkinson  bar moni tor ing  sys tem 

us ing  the  spherical impactor are p r e s e n t e d  i n  S e c t i o n  6 .6 .  The da ta  f o r  
t h e  p i n - p u l l e r s  on the  orthogonal Hopkinson bar system is given here, w h i l e  

t h a t  for the p in -pu l l e r s  on t h e  HALOE mock-up is presented  i n  S e c t i o n  6.4. 
The purpose of t h e  two orthogonal bars, w i t h  t h e  p i n - p u l l e r  f a s t e n e d  

t o  a n  a d a p t o r  a t  t he  i n t e r s e c t i o n  of the  two bars, was t o  measure a x i a l  and 
t r a n s v e r s e  f o r c e  and moment output .  The d i s t a n c e  from the  s t r a i n  g a u g e s  t o  
t h e  o u t p u t  e n d  of each bar was 103 i n c h e s ,  so t h a t  t h e  time b e f o r e  a 
r e f l e c t i o n  could appear  a t  the s t r a i n  gauge from t h e  f r e e  end  was 2 x 103 

i n / ( 2 0 0 , 0 0 0  i d s )  o r  1.03 m i l l i s e c o n d s .  S i n c e  t h e  g a u g e s  were on ly  17 
i n c h e s  from t h e  i n p u t  end, t he  second r e f l e c t i o n ,  which came from t h e  i n p u t  
e n d ,  o c c u r r e d  0 . 1 7  m i l l i s e c o n d s  l a t e r  a t  t h e  s t r a i n  g a u g e s ,  o r  1.20 

mil l i s econds  from time zero. Because t h e  o u t p u t  end acted p r a c t i c a l l y  as 
an  i d e a l  f r e e  e n d ,  t h e  force-time da ta  was e x t e n d e d  by s u b t r a c t i n g  the 

first r e f l e c t i o n  of t h e  f o r c e  p u l s e  by s h i f t i n g  t h e  i n i t i a l  p u l s e  t o  t - 
1.03 m s ,  changing its sign, and adding t o  t h e  i n i t i a l  record.  Thus for 0 S 
t S 1.03 m s ,  t he  force-time p l o t s  r e p r e s e n t  experimental  data; f o r  t L 1.03  
m s  t h e  f o r c e - t i m e  da ta  has been modified t o  attempt t o  e l i m i n a t e  t h e  first 
r e f l e c t i o n  i n  t h e  range 1.03 m s  5 t 5 1.20 as, bu t  i t  i n c l u d e s  r e f l e c t i o n s  
f o r  t L 1 . 2 0  m s .  S i n c e  t h e  a c c e l e r o m e t e r  was a t  t h e  o u t p u t  e n d ,  t h e  

i n i t i a l  wave and  t h e  f i r s t  r e f l e c t i o n  added i n  t h e  bar  t o  d o u b l e  t h e  
a c c e l e r a t i o n .  Thus ,  the  accelerometer r e c o r d s  were v a l i d  u n t i l  t he  second 
r e f l e c t i o n  a r r i v e d  a t  t h e  o u t p u t  e n d ,  or v a l i d  f o r  t h e  time i t  took t h e  
stress wave t o  t r a v e l  t h ree  bar - lengths ,  o r  1.80 mil l i s econds .  Ac tua l ly ,  
t h e  a c c e l e r o m e t e r  s i g n a l  was z e r o  u n t i l  t h e  stress wave t r a v e l l e d  o n e  
b a r - l e n g t h ,  o r  f o r  0 S t S 0.60 m s .  No attempt was made t o  c o r r e c t  t h e  
a c c e l e r a t i o n  r e c o r d s  for  end r e f l e c t i o n s ,  excep t  t o  d i v i d e  t h e  s i g n a l  by 2 
when t h e  a c c e l e r a t i o n  shock spec t r a  were c a l c u l a t e d .  

I n  Fig. 6.8, t he  a x i a l  and t r ansve r se  f o r c e - t i m e  p l o t s  a re  shown f o r  
t h e  V i k i n g  I p i n - p u l l e r  w i t h  two i n i t i a t o r s  f i red s imul taneous ly .  Here, 
the compressive f o r c e  is negat ive  and t e n s i l e  force is p o s i t i v e .  The s o l i d  
l i n e  r e p r e s e n t s  t h e  a x i a l  force and the  dashed l i n e ,  t he  t r a n s v e r s e  f o r c e ,  
which is seen  t o  be r e l a t i v e l y  sma l l .  The a x i a l  f o r c e  shows c o m p r e s s i o n  
f o r  t h e  f irst  0.53 m s ,  wi th  -500 pounds maximum force; t h i s  is followed by 

# 
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a t e n s i l e  r e g i o n  f o r  0.41 m s  with 1075 maximum f o r c e .  The t e n s i l e  r e g i o n  
for t 2 1.1.5 m s  is mainly due t o  r e f l e c t i o n s .  

I n  Figures 6.9 through 6.12, t he  a x i a l  force-time ou tpu t  of t h e  V i k i n g  
I ( t w o  i n i t i a t o r s  f i r e d )  i s  c o m p a r e d  w i t h  t h a t  for t h e  Hi-Shear, 
Mechanical, Viking V ,  and Viking I (one i n i t i a t o r  f i r e d )  p i n - p u l l e r s .  I t  
is  s e e n  t h a t  a l l  t he  p in -pu l l e r s ,  except t h e  mechanical, show a compressive 
f o r c e  r e g i o n  followed by a r e g i o n  o f  t e n s i l e  f o r c e .  For t h e  m e c h a n i c a l ,  
t h e  o r d e r  i s  r e v e r s e d :  t h e  f i r s t  f o r c e  r e g i o n  is tensile, followed by a 
compressive region. The approximate maximum f o r c e  v a l u e s  and d u r a t i o n s  of 
t h e  first two reg ions  f o r  each pin-pul le r  are summarized i n  Table 6.3.1. 

Table 6.3.1 Maximum Axial Force and Duration f o r  P in -Pu l l e r s  on Bar 

Pin-Pul le r  F i r s t  Region Second Region 

Max. ( l b )  Duration ( m s )  Max ( l b )  Duration (ms) 

Mechanical 575 0.36 - 615 0.18 

Viking I (One I n i t )  - 175 0.53 1075 0.57 

Viking I (Two I n i t )  - 500 0.53 1075 0.41 

Viking V - 800 0.42 1350 0.28 

Hi-Shear - 375 0.42 1240 0.20 

Based on t h i s  summary, i t  appears t h a t  t h e  Mechan ica l  p i n - p u l l e r  
g e n e r a t e s  the least  o u t p u t  f o r c e ,  w i t h  t h e  V i k i n g  I ( o n e  i n i t i a t o r )  t h e  
s e c o n d  l eas t .  The area under t he  force- t ime curve  is equal  t o  t h e  impulse 
de l ive red .  The area is equa l  t o  some f a c t o r  x maximum force x d u r a t i o n ,  
where t h e  f a c t o r  d e p e n d s  on t he  d e t a i l s  of t h e  c u r v e  shape .  From t h i s  
p o i n t  of v i e w ,  t h e  Hi-Shear and Mechanical h a v e  t h e  s h o r t e s t  o v e r a l l  
d u r a t i o n  f o r  t h e  f i r s t  two r e g i o n s ,  as s e e n  i n  t h e  Table above .  Table 
6.3.1 g i v e s  no information about t he  f requency  c o n t e n t  which is  d i s c u s s e d  
b e l w .  

Bending  moment ve r sus  time p l o t s  a r e  shown f o r  the Viking I (two i n i t )  
i n  Fig. 6.13. Before there are end r e f l e c t i o n s ,  t h e  b e n d i n g  moment is d u e  
d i r e c t l y  t o  t h e  e c c e n t r i c i t y  of t he  applied f o r c e s  a t  the end of t h e  b a r ,  
so knowing t h e  maximum f o r c e  and t h e  c o r r e s p o n d i n g  moment ,  we c o u l d  
estimate t h e  e c c e n t r i c i t y .  Bending pu l ses  disperse r a p i d l y ,  however, and 
may a t t e n u a t e  cons iderably  by t h e  time they h a v e  t r a v e l l e d  17 i n c h e s  down 
t h e  bar.  N e v e r t h e l e s s ,  comparison of the  bending moments a t  t h a t  s t a t i o n  
g i v e s  a n  idea which p in-pul le rs  a re  most l i k e l y  t o  p r o d u c e  b e n d i n g  i n  a n  
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a c t u a l  s t r u c t u r e .  I t  was f o u n d  t h a t  t h e  l a r g e s t  b e n d i n g  moments were 
produced by t h e  Viking V pin-puller.  

The i n i t i a l  and r e s i d u a l  a c c e l e r a t i o n  shock spectra for t h e  a x i a l  and 
t r a n s v e r s e  force from t h e  Viking I P i n - P u l l e r ,  are shown in F i g u r e s  6 . 1 4  
and 6.15.  Note t h a t  t h e  magnitudes of t he  r e s i d u a l  s p e c t r a  are less than  
t h e  i n i t i a l  spectra over  most of t h e  frequency range. The early t r o u g h s  i n  
t h e  r e s i d u a l  spectra are due t o  t h e  f i n i t e  l e n g t h  of t he  force-time record. 
The i n i t i a l  spectra fo r  t h e  a x i a l  force fo r  t h e  other f o u r  p i n - p u l l e r s  are 
compared w i t h  t hose  of the  V i k i n g  I (two i n i t i a t o r s )  i n  F igure  6.16. To 
aid i n  t he  comparison, numerical  values  from each spectrum are t a b u l a t e d  a t  
10, 1000, and 30,000 Hz i r ,  T a b l e  6.3.2 f o r  both t he  a x i a l  and t r a n s v e r s e  
forces. 

Table 6.3.2 Shock Spectra values a t  selected f r e q u e n c i e s  f o r  a x i a l  
and t r a n s v e r s e  force for t h e  pin-pul lers .  

Pin- P u l l  er 
Shock Spectra Values ( g )  

Axial Force Transverse Force 

10 Hz 1000 Hz 30,000 Hz 10 Hz 1000 Hz 30,000 Hz 

Mechanical 1.6 2.7 0.3 0.3 0.2 0.2 

Viking I (One I n i t )  2.7 1.8 1 .o 0.5 0.6 0.9 
Viking I (Two I n i t )  2.8 5.1 1.1 1 .1  1.3 0.9 
Viking V 4.4 5.2 1.5 0.8 0.9 1 .4  

Hi-shear 3.3 5.1 0.9 1.8 4 .4  0.6 

The tab le  above  shows t h a t  t h e  mechanical pin-pul ler  spectral v a l u e s  
. are the  lowest and t h e  Viking I (One I n i t )  n e x t  lowest. The  HI-Shear has 

much higher t r a n s v e r s e  va lues  f n  t h e  low frequency range than  t h e  others. 

6-11 Pin-Pul lers  on HALOE S t r u c t u r e  
The e x p e r i m e n t a l  r e s u l t s  from the  p in-pul le rs  on the  HALO€ s t r u c t u r e  

are unique i n  s e v e r a l  respects .  F i r s t ,  i t  is t h e  f i rs t  time t h a t  b o t h  

s t r a i n  and  a c c e l e r a t i o n  measurements were made on an actual s t r u c t u r e  and 
processed u p  t o  50 K H z .  Second, i t  is t h e  f i r s t  time s t r a i n  da t a  was 
P r o c e s s e d  t o  deduce  forces and  moments on a beam-like s t r u c t u r e  from a 
pyro technic  e v e n t .  T h i r d ,  i t  is t h e  f i rs t  t h o r o u g h  s t u d y  i n  which  t h e  
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pyro technics  were a c t i v a t e d  on b o t h  t h e  Hopkinson bar a r r a n g e m e n t  and  a 
space s t r u c t u r e ,  for comparison. 

6.4.1 Experimental Stresses Versus T i m e  
S t r a i n s  were conver ted  t o  stresses by mul t ip ly ing  t h e  measured s t r a i n s  

by Y o u n g ' s  m o d u l u s  f o r  t h e  a luminum m a t e r i a l .  S i n c e  t h e  V i k i n g  V 
p i n - p u l l e r  appeared t o  g e n e r a t e  t h e  l a r g e s t  o u t p u t s ,  e x a m p l e s  o f  t h e  
timewise stresses are shown i n  Fig.  6.17 and 6.18. 

The stress from SG1 is compared w i t h  t ha t  from SG2 i n  F ig .  6 .17 .These  
g a u g e s  were o n  t h e  c i r c u m f e r e n c e  of t h e  c y l i n d r i c a l  s e c t i o n .  I t  is 
i n t e r e s t i n g  t o  n o t e  t h a t  these records h a v e  some s i m i l a r i t y  i n  shape ,  
e s p e c i a l l y  for t h e  first part of the s igna l .  Except f o r  SG3, they  tend  t o  
show an  i n i t i a l  compressive r eg ion  followed by a t e n s i l e  r e g i o n ,  much l i k e  
t h e  same pin-pul le r  on the  Hopkinson bar. For t h i s  reason ,  even though t h e  
c y l i n d r i c a l  s e c t i o n  does not  q u a l i f y  to be a long  t h i n  beam o r  bar because 
Of i ts  small l e n g t h  t o  diameter r a t io ,  t h e  data was a l s o  processed i n  pairs 
f o r  these g a u g e s  t o  d e t e r m i n e  forces and moments, which  are p r e s e n t e d  
below i n  s e c t i o n  6.4.2. 

Stress comparisons between s t r a i n  gauges 5, 6 ,  7,  and 8 are especially 
i n t e r e s t i n g  because gauges 5 and 6 were very close t o  t h e  p i n - p u l l e r .  The 
stress computed from SG5 is compared w i t h  stress from SG6 i n  Fig. 6.18. 
The peak stresses from s t r a i n  gauges  5 and 6 a r e  i n  t h e  r a n g e  of  1350 t o  
2100 p s i  while the e a r l y  peaks from gauges 7 and 8 are 250 t o  500 p s i .  The 
early peaks on gauges 1 through 4 are i n  the  250 to  4450 p s i  range. Recall 
a l s o  t h a t  gauges 5 and  6 were on  the heavy r i n g ,  while  t h e  other six were 
on t h i n  members. Gauges 1 through 4 were outboard from t h e  Shock ,  be tween 
t h e  P i n - p u l l e r  and the  suppor t  frame, w h i l e  gauges 7 and 8 were between the 

p y r o t e c h n i c  and t h e  a n c h o r e d  base. T h u s ,  t h e r e  a p p e a r s  t o  b e  some  
a t t e n u a t i o n  of stre88 wi th  distance from the  p in -pu l l e r ,  e x p e c i a l l y  i n  the 
higher frequency stress components. 

6.4.2 Experimental Forces and Moments Versus Time 
and Shock S p e c t r a  of Forces. 

The f o r c e s  a n d  moment s  v e r s u s  time for t h e  V i k i n g  V p i n - p u l l e r  
ob ta ined  from s t r a i n  gauges 1 and 3 and 2 and 4 are shown i n  Fig. 6.1 9 and  
6.20. The f o r c e s  deduced  from t h e  two p a i r s  of gauges are amazingly the 
same, i n d i c a t i n g  that t h e  short c y l i n d e r  appears t o  be a c t i n g  l i k e  a bar 
w i t h  a p l a n e  stress wave. Even more amazing  is t h e  s i m i l a r i t y  o f  t h e  
force-time pu l se  t o  t h a t  measured on t h e  Hopkinson bar,  i n  bo th  s h a p e  and  
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magnitude (See Fig. 6 .11 ) .  The moments c a l c u l a t e d  f rom t h e  two s e t s  of 
gauges are  also q u i t e  similar. 

Force v e r s u s  time da ta  is g i v e n  i n  F igures  6.21 - 6.23 for t h e  other 
three p in-pul le rs .  For each p i n - p u l l e r ,  there is a n  e a r l y  r e g i o n ,  a b o u t  
100 us l o n g ,  i n  which t h e  s h a p e  of t h e  force-time curve is similar t o  the  
a x i a l  f o r c e  measured  o n  t h e  Hopkinson bar. T h a t  is, there  is f i rs t  a 
c o m p r e s s i v e  r eg ion  followed by a t e n s i l e  r eg ion ,  except f o r  t h e  mechanical,  
where t h e  t e n s i o n  comes first.  

t h e  force-time h i s t o r i e s  i n  Fig.  6.19 f o r  SG1 h 3 and SC 2 h 4 a re  shown i n  
F i g u r e s  6.24 and  6.25. A s  e x p e c t e d  from t h e  s i m i l a r i t y  of t h e  timewise 

The  i n i t i a l  and r e s i d u a l  a c c e l e r a t i o n  shock spectra c a l c u l a t e d  from . 

s i g n a l s ,  the  spectra are  almose i d e n t i c a l  f rom t h e  two pa i r s  of g a u g e s .  
The s h a r p  n o t c h  a t  a b o u t  40 KHz is a p p a r e n t l y  a breakdown i n  numerical  
accuracy due t o  t he  time i n t e r v a l  used i n  d i g i t i z i n g  the  data. 

The i n i t i a l  shock spectra f o r  t h e  forces calculated from s t r a i n  g a u g e s  
2 and  4 are  p r e s e n t e d  i n  F i g u r e s  6.26 - 6.28, where t h e  spectrum f o r  t h e  

Viking I is compared w i t h  that f o r  t h e  Mechanica l ,  V ik ing  V ,  and  Hi-Shear 
P i n - p u l l e r s .  The l e v e l s  f r o m  t h e  mechanical and Viking I p in -pu l l e r s  are 
about t h e  same, over  t h e  e n t i r e  f r e q u e n c y  r a n g e ,  w h i l e  t h e  V i k i n g  V and  
Hi-shear l e v e l s  are about double those  of t h e  Mechanical and Viking I. 

6.4.3 Experimental Acce le ra t ions  Versus Time and Their Shock Spectra 
Acceleration-time his tor ies  for t h e  Vik ing  V p i n - p u l l e r  as s e n s e d  on  

t h e  B h K accelerometer, mounted v e r y  n e a r  t h e  p i n - p u l l e r ,  and Endevco 
accelerometer 3 ,  which was f u r t h e r  away, may be compared by i n s p e c t i n g  
F i g u r e s  6.29 and  6.30. The r i c h n e s s  and s e v e r i t y  of t he  high frequency 
con ten t  of t h e  B h K'compared to  t h e  o t h e r s  is immedfa te ly  obvious. The  

p e a k  a c c e l e r a t i o n  o n  t h e  B h K is a b o u t  llOOg w h i l e  t h a t  on  t h e  o the r  
accelerometers is a b o u t  1/5 t h a t  l e v e l .  Comparison of t h e  i n i t i a l  .and 
r e s i d u a l  shock  spectra c a l c u l a t e d  from these accelerometer signals is made 
by comparing F igu res  6.31 and 6.32. Below 1000 Hz, t h e  s p e c t r u m  f r o m  t h e  
B k K is a b o u t  twice t h a t  f rom a c c e l e r o m e t e r  3. However, there is a 
s u r p r i s i n g  cross-over a t  about 1000 Hz, and accelerometer 3 shows l e v e l s  up 
t o  6 times h ighe r  t h a n  t h e  B h K between 1000 and 10,000 Hz. Between 10 

KHZ and 40 KHz accelerometer 3 aga in  drops below t h e  B h K ,  which rises t o  
a l e v e l  of about 5000g. Accelerometers 4 through 6 a l s o  show the  highest  g 
l e v e l s  i n  t h e  1 t o  10 KHz range, but no t  as high as accelerometer 3. T h u s ,  
t h e  s p e c t r a  show t h a t  t h e  h igh  f r e q u e n c y  a c c e l e r a t i o n s ,  above  10 KHz, 
appear  to  be a t t e n u a t e d  with d i s t ance  by a b o u t  a f a c t o r  Of S i x .  There is  
o n l y  s l i g h t  a t t e n u a t i o n  i n  t h e  low f r e q u e n c y  r a n g e ,  b u t  a m p l i f i c a t i o n  
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occurs  w i t h  d i s t a n c e  i n  t h e  1 KHz t o  10 KHz range. T h i s  is not  u n d e r s t o o d ,  
b u t  may be due  t o  a r e s o n a n c e  c o n d i t i o n  i n  t h e  s u p p o r t  frame. Note t h a t  
none of these details wi th  regard t o  frequency con ten t  could be  apprec ia ted  
s imply  by looking  a t  t h e  acce lera t ion- t ime curves .  

The i n i t i a l  shock spectra f o r  t h e  s i g n a l s  from t h e  B & K a c c e l e r o m e t e r  
are shown i n  F i g u r e s  6.33 - 6.35, where t h e  spectrum f o r  Vik ing  I (Two 
I n i t . )  is compared w i t h  t he  spectrum for Viking V, HI-shear, and m e c h a n i c a l  
p i n - p u l l e r s .  Here there is s u r p r i s i n g l y  l i t t l e  d i f f e r e n c e  i n  t h e  spectral 
l e v e l s  of t h e  p y r o t e c h n i c  p i n - p u l l e r .  H o w e v e r ,  t h e  l e v e l  f o r  t h e  
m e c h a n i c a l  p i n - p u l l e r  is about f o u r  times t h a t  of Viking I below 50 Hz and 
about one-fourth that  of Viking I above 10,000 Hz. 

6.5 Spacecraft Sepa ra t ion  J o i n t  a t  N A S A  LARC, 1985 
The r e s u l t s  from the  c a l i b r a t i o n  tests u s i n g  t h e  steel sphere i m p a c t o r  

are p r e s e n t e d  i n  S e c t i o n  6.7, where they are compared w i t h  f i n i t e  element 
p r e d i c t i o n s .  

The s e v e n  s e p a r a t i o n  j o i n t  tests were a r b i t r a r i l y  numbered 1 1  through 
17. A s i n g l e  s t r i n g  of e x p l o s i v e  w a s  used i n  each test, but  t h e  charge and  
P o s i t i o n  v a r i e d  as  summarized i n  Table 6.5.1. The charges were either 8.7 
o r  1 1  grains per f o o t  and the p o s i t i o n  was either c e n t e r  of Off-Center.  I n  
a d d i t i o n ,  t h e  t h i c k n e s s  of t h e  m a t e r i a l  t o r n  i n  t h e  p re -g rooved  j o i n t  
v a r i e d ,  f rom o n e  end  of t h e  j o i n t  s e c t i o n  t o  t h e  o t h e r  e n d ,  d u r i n g  t h e  
f i r s t  three tests b u t  was c o n s t a n t  f o r  t h e  last f o u r  tests. The vary ing  
t h i c k n e s s e s  had been used p r e v i o u s l y  t o  d e t e r m i n e ,  on a s i n g l e  t e s t ,  how 
t h i c k n e s s  of j o i n t  material  t o r n  was related t o  charge s t r e n g t h .  I n  t he  

table ,  means varying th i ckness ,  and tlCnst.w inearn c o n s t a n t  t h i c k n e s s  
material i n  the s e p a r a t i o n  j o i n t  i t s e l f .  

Table 6.5.1 Separa t ion  J o i n t  T e s t s  w i th  Maximum Forces and Acce le ra t ions  
Ace. Sh Sp 

Thknd (gr/ft) l  I Tens Comp. I ( i n  l b )  I a t  100 Hz a t  100 Hz 
NO. Plat4 C k r g e  I Loca t io4  Max. Force I Max. Mcment I Force Sh Sp 

1 1  V a r .  I 8.7 I Off-ctr I 2500 -3500 I *225 . -175 
'12 V a r .  I 8.7 I Center I 4000 -1500 I *200 -110 

13 V a r .  I 8.7 I Off-ctr I 1750 -1750 I +275 -275 
14 Cns t .1  8.7 I Center I 4000 -1000 I +300 -275 
15 Cnst.1 8.7 I Center I 2150 -1500 I +I15 -100 

16 Cnst .1  11.0 I Center I 3000 -1150 I +Zoo -200 
17 Cnst.1 1 1  .O I Center  I 4500 -1250 I +325 -350 

--- 8.8 
10.2 20 
6.5 52 
10.2 30 
5.5 9 
7.5 
11.8 

--_ 
--- 
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6.5.1 
The s t r a i n  gauges opera ted  s a t i s f a c t o r i l y  t h r o u g h o u t  t h e  t es t s ,  w i t h  

no i n d i c a t i o n  of any permanent set .  The maximum stress at the s t r a i n  gauge 
occur red  on  Test 17 w i t h  a peak of 10,200 p s i ,  which is well below t h e  
s t a t i c  y i e l d  p o i n t  of  t h e  s t e e l  b a r .  The tapered aluminum p la te  adaptor  
had a larger c ross - sec t iona l  area than the s teel  Hopkinson bar,  and  showed 
no v i s u a l  evidence of  permanent deformation. 

I n i t i a l l y  there was a s t r o n g  e l e c t r i c a l  n o i s e  s i g n a l  which appeared 
w i t h  t h e  s t r a i n  s i g n a l .  The magnitude and shape were q u i t e  similar t o  tha t  
of a d i s p e r s i n g  c o m p r e s s i o n  p u l s e ,  b u t  t h e  time of  a p p e a r a n c e  was much 
earlier than  the fastest stress wave could  have a r r i v e d  a t  t h e  s t r a i n  gauge. 
The fact  t h a t  i t  was e l ec t r i ca l  n o i s e  was c o n f i r m e d  by h a n g i n g  a n o t h e r  
s t e e l  bar ,  i n s t r u m e n t e d  w i t h  s t r a i n  g a u g e s ,  n e a r  t h e  bar on which t h e  
Sepa ra t ion  j o i n t  was mounted. The same t y p e  of n o i s e  s i g n a l  apeared o n  t h e  
s t ress-free bar. The conclus ion  was that  i t  was electrical noise gene ra t ed  
d u r i n g  t h e  d e t o n a t i o n  o f  t h e  s e p a r a t i o n  j o i n t .  T h i s  was t h e n  f u r t h e r  
c o n f i r m e d  by g r o u n d i n g  t h e  t es t  bar, which e l i m i n a t e d  most of the  n o i s e  
s i g n a l  . 

The f o r c e - t i m e  c u r v e s  f o r  T e s t s  11  , 13 and 17 are given  i n  F igu res  
6.36 - 6.38. The force-time curve  for  Test 17, which p r o d u c e d  t h e  l a rges t  
f o r c e s ,  is shown i n  F i g u r e  6.38, There is  an i n i t i a l  compressive r e g i o n  
h a v i n g  a maximum o f  -625 pounds and  a d u r a t i o n  of 130 us, f o l l o w e d  b y  
s e v e r e  t e n s i o n  h a v i n g  a maximum of 2250 pounds. Since it is thought t h a t  
t h e  s e p a r a t i o n  j o i n t  separates w i t h i n  10 ps a f t e r  d e t o n a t i o n ,  i t  is 
e x p e c t e d  t h a t  t h e  d u r a t i o n  of  t h e  e x c i t a t i o n  s h o u l d  b e  of t h a t  
order-of-magnitude. T h i s  is seen  i n  t h e  h igh  f r e q u e n c i e s  s u p e r i m p o s e d  on  
t h e  f o r c e - t i m e  s i g n a l .  The lengthening  of  the  pu l se  is a p p a r e n t l y  due t o  
d i s p e r s i o n  and  r e f l e c t i o n  of t h e  stress wave as  i t  t r a v e l s  t h r o u g h  t h e  
s e p a r a t i o n  j o i n t  i t s e l f ,  and then  t h r o u g h  t h e  tapered plate adap to r ,  and 
t h e  adaptor-bar i n t e r f a c e .  

The force-time c u r v e  f o r  t e s t  1 1 ,  In F i g u r e  6.36 ,  has a n  i n i t i a l  
compressive region, but t h e  t e n s i o n  r e g i o n  which f o l l o w s  is much shorter  
than  that on Test 17. 

The f o r c e - t i m e  c u r v e s  s o m e t i m e s  s h o w e d  p r a c t i  c a l l y  no i n i t i a l  
compression, an example of which is g iven  from Test 1 4  i n  F igu re  6.37. T h e  

r e a s o n s  f o r  t h e  h i g h l y  vary ing  shapes of force-time o u t p u t s  from d i f f e r e n t  
j o i n t s  is not completely understood, b u t  t h e  r e g i o n s  a r e  l o n g  enough t h a t  
t h e y  a r e  be l i eved  t o  be t r u e  happenings. One main d i f f e r e n c e  is thought to  
be the p r e t e s t  t i g h t n e s s  of c o n t a c t  be tween t h e  o v a l  metal t u b e  (which 

e x p a n d s ,  b u t  c o n t a i n s  t h e  e x p l o s i o n )  and t h e  spacer plates t o  which t h e  

Force Versus Time and Associated Shock Spectra. 

. 
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doublers are  riveted. An i n i t i a l l y  t i g h t  contac t  could r e a d i l y  t ransmi t  
compression, f o r  example, b u t  a loose f i t  would not. It is thought that  
t h e r e  is a b r i e f  i n i t i a l  expans ion  of t h e  c o n t a i n i n g  t u b e  i n  a l l  
d i r e c t i o n s ,  b u t  then the  major a x i s  of the  oval shor tens  a s  the t u b e  
expands i n  the direction of the minor axis. Finally t h i s  containment t u b e  

has a nearly circular CPOSS-SeCtiOn. 
The force  shock spec t r a  f o r  Tests 1 4  and 17 are  compared i n  Figures 

6.39. 

6.5.2 
The acceleration recorda were obtained w i t h  t h e  B h K accelerometer 

only f o r  tests 12, 13, 1 4  and 15. For Test 11 ,  t h e  signal was too small 
because of the gain setting. After Test 17, t h e  accelerometer connection 
t o  the  bar was noted t o  be loose and t h a t  t he  looseness a lso apeared t o  
affect  measurements dur ing  Test 16. 

Acceleration-time records a r e  shown i n  Figures 6.40 - 6.41 fo r  t e s t s  
12 and 14.  I n  Figures 6.42 - 6 .43 ,  t h e  acce le ra t ion  shock s p e c t r a  from 
Tests 12 and 13 a r e  compared w i t h  t h e  spectrum Prom Test 14. Below 1000 
Hz, Test 13 levels  were t h e  most severe,  b e i n g  about six times t h e  l e v e l  
f o r  Test  1 4 .  Above 1000 Hz, the spectra show relat ively l i t t l e  difference, 
on t h e  average. 

Acceleration-time and Acceleration Spectra Results. 

6.6 Spacecraft Separation Joint a t  NASA LARC, 1986 
The force-time output from the s teel  s p h e r e  impactor on t h e  small 3" 

wide, tapered p l a t e  adaptor is shown i n  Figure 6.54. The peak force was 
about 580 pounds and the i n i t i a l  tensi le  pulse duration was 215 ps. 

The force-time output from the 3" long section of the separation j o i n t  
is shown i n  Figure 6.55. The charge was 7 grains per Soot off-center. The 
maximum tensile force is 3500 pounds and the  maximum compressive f o r c e  was 
-2700 pounds. T h i s  might  be compared w i t h  t he  force-time curve i n  Figure 
6.37 f o r  separation jo in t  t e s t  1 4  i n  Figure 6.37  which was 8.7 gra ins  p e r  
f o o t ,  on-center w i t h  constant  thickness jo in t .  The shape of the  curve is 
similar f o r  t h e  first 400 vs, but  t h e  peak forces for t ea t  14 were 4000 and 
-1000 pounds f o r  a 12 i n c h  long sect ion of separat ion jo in t .  We expect 
tha t ,  since us ing  t h e  smaller adaptor puts  the charge c l o s e r  t o  t h e  end  of 
t h e  Hopkinson bar, t he  pulse measured will be more severe-which is what has 
been demonstrated. 
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Thickness I Separa t ion  I ( g r / f t )  I Loca t ion  

The maximum forces from t h e  three tests are given i n  Table 6.5.2 

Tension I Compression 

.. 
6.7 

of the f i v e  f i n i t e  element models ou t l ined  i n  s e c t i o n  5.6. 

Analy t i ca l  Resu l t s  for Hopkinson Bar 
The r e s u l t s  summarized i n  t h i s  s e c t i o n  were ob ta ined  through e x e c u t i o n  

6.7.1 

v a r i a t i o n s  : 

S i n g l e  Hopkinson Bar with No Adaptors or Endcaps 
Convergence t o  an adequate f in i te  e l emen t  model was o b t a i n e d  by  f o u r  

1 .  t h e  d u r a t i o n  of the  p u l s e  input.  
2 .  t h e  e l e m e n t  g r i d  s i z e ,  or t h e  number  o f  e l e m e n t s  u s e d  t o  

-.. 
1.- 

... 

I -  

, .  

I '  

r e p r e s e n t  the  bar. 

3. t he  number of modes used i n  t he  s o l u t i o n .  
4. t he  s ize  A t  of t h e  time increment. 

T a b l e  5 . 6 . 1  summarizes t h e  v a r i a t i o n s  i n  t h e  s o l u t i o n s  u s e d  f o r  
convergence. 

The magni tude  of the  half-sine p u l s e  input  used was 10,000 pounds. By 
l eng then ing  the  d u r a t i o n  of the pulse  i n p u t ,  t h e  peak f o r c e  r e s p o n s e  of a n  
e l e m e n t  a t  1 4 "  from t h e  i n p u t  end of t h e  bar approached the magnitude o f  
t h e  i n p u t  pulse.  S ince  t h e  f i n i t e  element uses  t h i n  bar t h e o r y ,  t h e  e x a c t  
s o l u t i o n  i n d i c a t e d  t h a t  f o r c e  i n  t h e  f i rs t  stress wave should  be e x a c t l y  
t h e  same as t h e  i n p u t  force. The peak v a l u e s  o b t a i n e d  f o r  a 1/11" e l e m e n t  
g r i d  s i z e ,  for 10 vsec, 100 vsec, and 500 vsec i n p u t  p u l s e s  were 5551, 
8844, 9762 pounds r e spec t ive ly .  

The e l e m e n t  g r i d  s i z e s  used were 1/20, 1/8, 1 / 4 ,  1/2, 1 and 2 inches .  
F igu re  6.44 shows t h e  f o r c e  versus  time ou tpu t  f o r  s p a c i n g s  of 1 ,  1 / 4 ,  and 
1/20 i n c h e s ,  t o r  a 10 p3econd p u l s e  i n p u t .  F i g u r e  6.45 shows a s imilar  
comparison for a 100 psecond p u l s e  i n p u t  f o r  2 ,  1 ,  and 0.50 i n c h  g r i d s .  
Both  p l o t s  d i s p l a y  t h e  f a c t  t h a t  as t h e  e l e m e n t  s p a c i n g  is reduced ,  t h e  
s o l u t i o n  b e c o m e s  c l o s e r  t o  t h e  i n p u t  f u n c t i o n .  T h e r e  i s  a l s o  a n  
o s c i l l a t i n g  f o r c e  " ta i l " ,  after t h e  first force peak, t h a t  e v e n t u a l l y  dies 

o u t .  Reducing the  element g r i d  s i z e  causes  t h i s  o s c i l l a t i o n  t o  d i m i n i s h .  
A p o i n t  is reached where r e d u c i n g  t h e  g r i d  s i z e  f u r t h e r  a f f e c t s  t h e  
s o l u t i o n  only  minimally. F igure  6.44 shows t h a t  f o r  a 100 vsecond p u l s e ,  
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reducing  t h e  gr id  spac ing  from 1" t o  1/2" y i e l d s  n e a r l y  t h e  same re su l t .  A 
1 / 4 "  and 118" g r i d  was also so lved  and t h e  g a i n  i n  f o r c e  magnitude between 
a 1"  and a 118" element s ize  was only 99 pounds while t he  c o s t  of e x e c u t i n g  
t h e  program t r i p l e d .  Then, economically, t he  1 inch g r i d  s i z e  r e p r e s e n t s  
an adequate f i n i t e  element model of t h e  s o l u t i o n  for  t h e  force r e s p o n s e  t o  
a 100 psecond pulse .  

The modal s o l u t i o n  used involves a series s o l u t i o n  of  t he  sum oP modal 
c o n t r i b u t i o n s .  The number of modes needed t o  s u f  f i c i e n t l y  r e p r e s e n t  t h e  
t rue  s o l u t i o n  was f o u n d  fo r  a 1 "  g r i d ,  100 psecond p u l s e .  F igu re  6.46 
shows t h a t  t h e  m a g n i t u d e  of t h e  p e a k  f o r c e  r e s p o n s e  i n c r e a s e s  w i t h  

i n c r e a s i n g  number of modes used. Direct i n t e g r a t i o n  oP the  n s imul taneous  
d i f f e r e n t i a l  equa t ions  with n degrees of  f r e e d o m ,  which is e q u i v a l e n t  t o  
u s i n g  a l l  n modes, was a l s o  carried o u t  and compared t o  a modal s o l u t i o n  
where 30 modes were used .  With a 1 inch  g r i d ,  t h e  d i r e c t  i n t e g r a t i o n  
uses 77 modes,  y e t  u s i n g  o n l y  30 modes y i e l d s  l i t t l e  d i f f e r e n c e  i n  peak 
f o r c e  magnitude. Only t h e  time for t h e  e l e m e n t  t o  e x p e r i e n c e  t he  force  
differed s l i g h t l y .  

6.7.2 Bf-Metal Hopkinson Bar wi th  no Endcaps 
The e f f ec t  of wave p r o p a g a t i o n  t h r o u g h  a n  i n t e r f a c e  b e t w e e n  two 

ma te r i a l s  was s t u d i e d  s i n c e  s o m e  of the  a d a p t o r s  u s e d  o n  t h e  s t e e l  
Hopkinson bars were cons t ruc t ed  of aluminum. The results are p r e s e n t e d  i n  
t h e  t h e s i s  by Evans [31 1. I n  o n e  s i t u a t i o n ,  an aluminum bar was s o l i d l y  
connected i n  series to a s teel  bar. I n  t h i s  s i t u a t i o n ,  i f  a n  i n i t i a l  wave 
t r a v e l s  from t h e  aluminum bar t h r o u g h  t h e  i n t e r f a c e ,  p a r t  of t h e  wave is 
reflected and p a r t  is t r a n s m i t t e d  through t o  t h e  s t e e l  b a r .  I t  was f o u n d  
t h a t  force i n  t h e  t r a n s m i t t e d  wave was about 1.40 tfaes t.bt i n  t h e  i n i t i a l  
wave, w h i l e  t h e  a c c e l e r a t i o n  was'about 0.55 tha t  of t h e  i n i t i a l  wave. 

6.7.3 Single Hopkinson Bar with Endcaps 
The exper imenta l  set-up used i n  t h e  s t ee l  sphere i m p a c t o r  t es t s  had 

e n d c a p s  on bo th  e n d s  of t h e  Hopkinson b a r .  V a r i o u s  t h e o r e t i c a l  p u l s e  
magnitudes were used as inpu t  t o  the  f i n i t e  element model,  b u t  t h e  c l o s e s t  
t o  t h e  e x p e r i m e n t a l  was t h e  i m p u l s e  with 1100 pound maximum force. The 
response  c a l c u l a t e d  from t h e  f i n i t e  element model f o r  a bar with e n d c a p s  is 
shown compared t o  t h a t  w i t h  a p i n - p u l l e r  'adaptor on the  i n p u t  end (Fig.  
6.47). It  is ev iden t  t h a t  u s ing  a p in-pul le r  adaptor decreases t h e  maximum 
f o r c e .  t r a n s m i t t e d  t o  t h e  bar and l e n g t h e n s  t h e  p u l s e ,  so t h a t  t h e  area 
under t h e  force- t ime curve remains approximately the  same. 
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6.7.4 Hopkinson Bar with Pin-Puller Adaptor 
A Hopkinson bar w i t h  a p i n - p u l l e r  adaptor  o n  t h e  i n p u t  end and  a n  

e n d c a p  o n  t h e  o u t p u t  e n d  was m o d e l l e d  u s i n g  f i n i t e  e l e m e n t s .  The 
convergence of the s o l u t i o n  was de termined  by v a r y i n g  t h e  l e n g t h  of t h e  
i n p u t  p u l s e  and t h e  number of modes summed, as t a b u l a t e d  i n  Table  5.6.2. 
The r e s u l t s  are presented  i n  t h e  thes i s  by Evans C303. 

6.7.5 Hopkinson Bar with Separat ion J o i n t  Tapered Plate Adaptor 
The l a s t  conf igura t ion  modelled t h e o r e t i c a l l y  was a Hopkinson bar w i  t h  

a l a r g e ,  tapered p l a t e  a d a p t o r ,  both aluminum and steel ,  on t h e  i n p u t  end. 
Table 5.6.3 summarizes the  v a r i a t i o n s  used t o  o b t a i n  convergence. 

A s  the g r i d  size decreased f r m  2" t o  1 / 2 " ,  v e r y  l i t t l e  v a r i a t i o n  i n  
t h e  peak force magnitude was found. Only t h e  reflected waves, or t h e  force 
"tail", var ied.  The best s o l u t i o n  for  a 10,000 pound p u l s e  of 100 psecond 
d u r a t i o n ,  f o r  a 112 i n c h  g r i d ,  w i th  a n  aluminum tapered plate adaptor is 
shown i n  Figure 6.48. I t  is seen  t h a t  t h e  magnitude of t h e  force r e s p o n s e ,  
due t o  t h e  effect of the  l a rge ,  tapered plate ,  is much less than t h e  10,000 

pound input  pulse .  
The e x p e r i m e n t a l  forces obtained us ing  t h e  spherical impactor w i t h  and 

without  the s e p a r a t i o n  j o i n t  tapered plate adaptor are shown i n  f i g u r e  6.49. 
The dash  l i n e  is t h e  theoretical  force f o r  t h e  bar wi th  t h e  adaptor from 
t h e  f i n i t e  element s o l u t i o n .  

To check t h e  f i n i t e  e lement  a n a l y s i s  w i t h i n  i t se l f ,  a double l e n g t h  
bar was analyzed as shown i n  t h e  inset i n  Fig.  6.50. The c o o r d i n a t e  x was 
measured  from the c e n t e r  of the  bar, where the force F ( t )  was a p p l i e d .  The 
bar w a s  clamped a t  x .I -L-and had an endcap at x - +L. The f o r c e  F ( t )  was 
t a k e n  a s  t h a t  of t h e  sphe r i ca l  impactor but  wi th  t w i c e  t h e  magnitude, t h e  
r e a s o n  being tha t  t he  p u l s e  immediately s p l i t s  i n t o  two, with half g o i n g  t o  
t h e  r i g h t  as compression and ha l f  t o  the  l e f t  as t ens ion .  Thus, before any 
r e f l e c t i o n s  a r r i v e  from the clamped end, .the loading  s i t u a t i o n  a t  t h e  f ree  
end  s h o u l d  be t h e  same a s  i n  t h e  e x p e r i m e n t .  With t h i s  f i n i t e  element 
model, t h e  effect of t h e  endcap  on t h e  a c c e l e r a t i o n  a t  t h e  f r e e  end  was 
p r e d i c t e d  i n  r e f e r e n c e  [ 3 l ] .  T h i s  p r e d i c t e d  a c c e l e r a t i o n  is compared t o  
t h e  measured a c c e l e r a t i o n  i n  Figure 6.50. 

The measured  peak a c c e l e r a t i o n  is 30 per  c e n t  h i g h e r  t h a n  t h a t  
p r e d i c t e d  from t h e  f i n i t e  element s o l u t i o n  u s i n g  t he  measured force as 
i n p u t .  P o s s i b l e  r e a s o n s  fo r  the  d i f f e r e n c e  are: ( a )  t h e  endcap  d i d  n o t  
b e h a v e  as a s o l i d ,  e l a s t i c  cy l inde r  as  modelled i n  t h e  f i n i t e  e l e m e n t  
s o l u t i o n ,  (b )  t he  f i n i t e  element mesh was no t  f i n e  enough. 



-. . . . _ _  .. . . 

42 

I n  o r d e r  t o  see t h e  effect of p u l s e  l e n g t h  o n  magn i tude  o n  t h e  f o r c e  
s p e c t r u m ,  three spectra a re  compared in F i g u r e s  6.51, 52,  a n d  53. I n  
Fig.  6.51, t h e  a c c e l e r a t i o n  response  spectrum for  t h e  f o r c e  i n  t h e  bar  w i t h  

no a d a p t o r  u s ing  the  spherical impactor with 17-1/8 inch pullback is shown. 
I n  F igu re  6.52,  t h e  s p e c t r u m  fo r  t h e  same s i t u a t i o n  b u t  w i t h  t h e  l a r g e  
s e p a r a t i o n  j o i  n t  tapered p l a t e  adaptor i n s t a l l e d  is shown. The magnitude 
is reduced by a f a c t o r  of about 0.4 i n  the  range  below 1000 Hz b u t  there  is 
an i n c r e a s e  due  t o  t h e  adaptor at 30 kHz. The spectra f o r  t h e  f o r c e  inpu t  
i n  s e p a r a t i o n  j o i n t  Test 17 is shown i n  Figure 6.53. There i s  a f ac to r  of 
e l e v e n  i n c r e a s e  i n  magnitude i n  t h e  l o w  frequency range and a f a c t o r  of 20 

i n c r e a s e  a t  30 kHz. Thus, as expec ted ,  t h e  h i g h  f r e q u e n c y  c o n t e n t  of t h e  

s e p a r a t i o n  j o i n t  e x c i t a t i o n  is much g r e a t e r  t h a n  t h a t  o f  t h e  spherical 
impact or . 
7.0 Summary and Conclusions 

Detailed results are presented  i n  Sec t ion  6, for the  v a r i o u s  tests and 
ana lyses .  Some of t he  more s i g n i f i c a n t  r e s u l t s  and a c c o m p l i s h m e n t s  are as 
fo l lows:  
1 .  O u t p u t  forces, as  well as a c c e l e r a t i o n s ,  ve r sus  time were measured on 

Hopkinson bars for  exp los ive  b o l t s ,  e x p l o s i v e  n u t s ,  p i n - p u l l e r s  and 
s e p a r a t i o n  j o i n t s .  T h i s  r ep resen t s  a wide range of e x c i t a t i o n s ,  w i t h  
regard t o  magnitude and l e n g t h  of p u l s e .  C o n s i d e r i n g  t h e  f r e q u e n c y  
l i m i t a t i o n s  of  t h e  Hopkinson  bar, the s t r a i n  gauges, the amplifiers, 
and t h e  r eco rd ing  system i t  is f e l t  t h a t  these r e s u l t s  a re  r e l i a b l e .  
The s h o r t e s t  p u l s e  measured  was about 12 ps l ong ,  from the  exp los ive  
bol t .  The fracture of the  sepa ra t ion  j o i n t  appears t o  happen  i n  l e s s  
t h a n  10 ps, b u t  t h e  f o r c e  s i g n a l  r e c e i v e d  from the  adap to r  was much 
l o n g e r ,  because of the f i l t e r i n g  effect of the  adaptor .  

2. The shock  s p e c t r a  were p r o c e s s e d  t o  40 kHz. The l e v e l s  of t he  
a c c e l e r a t i o n  shock s p e c t r a  were h i g h e s t  i n  the 10 kHz to  40 kHz r a n g e .  
There is of c o u r s e  t h e  q u e s t i o n  a s  t o  whether these high frequency 
s i g n a l s  can damage spacecraft  components .  I n  s t ee l  or  aluminum, a 
f r e q u e n c y  of 40 kHz corresponds t o  a half-wave l e n g t h  o f  5 i nches ,  so 
it would seem tha t  items of t h a t  order of magnitude of d imens ion  would 
be especially vu lne rab le  t o  damage. 

3. F o r c e  shock spectra were computed, appa ren t ly  for the first time for 
pyro techn ic  shock, where the  i n p u t  t o  t h e  m a s s - s p r i n g - d a s h p o t  s y s t e m  
was force per uni t  m a s s .  
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4. Unique Hopkinson bar arrangements were used. I n  a d d i t i o n  t o  t h e  usua l  
s i n g l e  bar, a s p l i t  b a r  was used f o r  t h e  e x p l o s i v e  n u t  t es t s .  Two 
o r t h o g o n a l  bar were used  s u c c e s s f u l l y  f o r  t he  first time t o  measure 
t h e  ou tpu t  f o r c e s ,  moments, and a c c e l e r a t i o n s  of t h e  p in -pu l l e r s .  

5. Force-time and a c c e l e r a t i o n - t i m e  o u t p u t s  and t h e i r  a s s o c i a t e d  shock 
spectra were compared f o r  f o u r  d i f f e r e n t  p i n - p u l l e r s .  O v e r a l l ,  t h e  
m e c h a n i c a l  p in-pul le r  produced t h e  least s e v e r e  ou tpu t .  These r e s u l t s  
have n o t  been previous ly  a v a i l a b l e  anywhere. 

6. The same t y p e s  o f  p i n - p u l l e r s  that  were tested on t h e  Hopkinson bars 
were a l s o  tested on an a c t u a l  s t r u c t u r e .  The timewise f o r c e  o u t p u t s  
compared f a v o r a b l y  w i t h  t h o s e  measured  o n  t h e  Hopkinson bar, g i v i n g  
credance t o  t he  use  of the  bar t o  compare d e v i c e s .  A Hopkinson  bar 
set-up is much less expensive than  a spacecraft mock-up. 

7. The a t t e n u a t i o n  o f  acce le ra t ion  wi th  d i s t a n c e  from t h e  py ro techn ic  as 
measured on t h e  HALOE s t r u c t u r e  is e s p e c i a l l y  i n t e r e s t i n g .  U s u a l l y  
one  e x p e c t s  t h e  a c c e l e r a t i o n  s i g n a l  t o  be a t t e n u a t e d  wi th  d i s t a n c e ,  
which appeared to be the case i n  the higher frequency range. However, 
i n  t h e  l o w e r  f r e q u e n c y  r ange  t he re  was a c t u a l l y  a m p l i f i c a t i o n ,  t he  
a c c e l e r a t i o n  on t h e  HALOE suppor t  frame being  h ighe r  t h a n  i m m e d i a t e l y  
ad jacen t  t o  the  pyrotechnic. 

8. F o r c e - t i m e  a n d  a c c e l e r a t i o n  t ime o u t p u t s  f rom s e v e n  d i f f e r e n t  
v a r i a t i o n s  of s e p a r a t i o n  j o i n t s .  

9. The b e h a v i o r  of t h e  t h i n  Hopkinson bar was rep resen ted  a n a l y t i c a l l y  
us ing  f i n i t e  elements. The f ineness  of' t h e  e l e m e n t  g r idwork  a n d  t h e  
number of  modes needed  t o  trace pu l ses  of f o u r  d i f f e r e n t  l e n g t h s  was 
d e t e r m i n e d ,  t h e  l e n g t h s  b e i n g  500 ,  1 2 0 ,  1 0 0 ,  a n d  10 us. T h e  
p r e d i c t i o n  of t h e  a c c e l e r a t i o n  response  t o  t h e  shortest p u l s e ,  10 us, 
r e q u i r e s  a mesh s p a c i n g  of 0.025 i n c h e s ,  which  is o n e - t e n t h  t h a t  
required for the 100 us pulse.  
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Figure 6.23 Force vs.. time, HALOE Ai-Shear, SG 1&3 and 2&4. 
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Figure 6.51 Shock spectrum from force, spherical impactor, cap on input end. 
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